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ABSTRACT

The use of zinc-based hot-dip coatings for corrosion resistance on steel components is 

widespread throughout the world. Of all the types of zinc-based hot-dip coatings currently produced 

on a commercial basis, Galfan’ (Zn-5wt% Al) is considered to be the most formable due to the 

limited formation of an intermetallic compound layer at the substrate/coating interface and the 

inherent ductile nature of its eutectic structure. Although there are numerous uses for Galfan and the 

demand for this coating continues to increase, it may not be suitable for some applications which have 

stringent surface requirements because the coating often contains small surface defects. The 

problematic surface condition of Galfan coatings has led to interest in the present research program.

As an overall objective, this study was designed to address the solidification characteristics of eutectic 

and off-eutectic Al-Zn alloys. In so doing, the relationships between coating processing conditions 

and microstructure will be more fully understood, thereby providing a fundamental basis for further 

coating research and development. The solidification of eutectic and off-eutectic alloys is therefore 

investigated in terms of nucleation and growth characteristics.

Through the use of differential scanning calorimetry techniques, non-reciprocal nucleation 

characteristics were found for the Al-Zn system. For alloys with zinc concentrations <95wt%  where 

aluminum is the proeutectic phase, an average undercooling of 0.25°C below the eutectic temperature 

is required for zinc nucleation and subsequent eutectic formation at a cooling rate of 1 K/min. In 

comparison, an average undercooling of 4.0°C is necessary for aluminum nucleation on proeutectic 

zinc in alloys containing >95wt% zinc at the same cooling rate. Aluminum is therefore said to be a 

better nucleant of zinc than vice-versa. This non-reciprocal nucleation results in the formation of zinc 

halos around proeutectic /3-A1 dendrites and a difference in eutectic structure when comparing hypo- 

and hypereutectic alloys. For example, the relatively large undercooling required for eutectic 

nucleation in Zn-rich alloys results in a significant decrease in the interlamellar spacing and a 

difference in the volume fraction of phases in the eutectic structure when compared to Al-rich alloys. 

Furthermore, the difference in the volume fraction of phases in the eutectic structure results in a 

difference in eutectic morphology: the eutectic structure for Zn-rich alloys is strictly lamellar, 

whereas the eutectic structure for Al-rich alloys consists of rods or rods and lamellae. The changes in 

interlamellar spacing, volume fraction of phases, and morphology of the eutectic structure brought 

about by the experimentally determined non-reciprocal nucleation characteristics are in good 

agreement with theory.

Eutectic and off-eutectic Al-Zn alloys were directionally solidified to determine the role of

1
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solidification parameters on resultant microstructure. In agreement with theory, the interlamellar 

spacing for unidirectionally solidified Al-Zn alloys was found to be proportional to V'tn. Unlike 

alloys having a cast structure, the measured \  values for directionally solidified alloys were found to 

be independent of alloy composition. Also independent of alloy composition was eutectic 

morphology, which was found to be typically lamellar for hypo- and hypereutectic alloys grown at 

rates from about 15-105ftm/second. Rod eutectic structures were found in these samples only when 

(1) the eutectic nucleated on a primary dendrite ahead of the solid/liquid interface during growth, 

and/or (2) the eutectic solidification front encountered a preexisting primary dendrite, causing a 

breakdown in the planar solid/liquid interface.

The eutectic coupled zone of growth for the Al-Zn eutectic was found to be skewed to the Al- 

rich side of the eutectic. It was found that the constitutional supercooling criterion did not accurately 

predict the eutectic-dendritic transition for this system. Instead, it is hypothesized that the competitive 

growth criterion controls the formation of the stable microstructure. It is therefore suggested that the 

eutectic structure outgrows 0-A1 dendrite formation at sufficient undercoolings below the eutectic 

temperature when in the presence of low temperature gradients in the melt. One possible explanation 

for this retarded /3-A1 growth is a significant kinetic undercooling associated with /3-A1 interfacial 

motion. However, thermodynamic data for i3-Al obtained via differential scanning calorimetry yields 

an entropy of fusion of 10.9 J/mol»K and therefore an a-factor of 1.31. which is in agreement with 

published data for pure aluminum. According to accepted theory, these data would indicate 3-A1 to 

grow with a negligible kinetic undercooling.

Banding was found for directionally solidified alloys when grown at rates <50^mysecond. A 

close examination of the bands indicates these regions to be precipitation zones for either of the two 

eutectic phases. Banding is thought to occur when, during eutectic growth, one of the eutectic phases 

accumulates at the solid/liquid interface to a concentration which cannot be absorbed by the growing 

eutectic or sustained as a boundary layer by the advancing interface. This "solute adjustment" can 

manifest itself as a change in the eutectic interlamellar spacing, a change in the volume fraction of the 

eutectic phases, and/or the phase precipitation ahead of the solid/liquid interface.

In comparing the solidification structures produced with DSC ("cast" structure) and directional 

solidification techniques, the undercooling associated with the solidification process was found to be 

the controlling factor for microstructural development. Regardless of the solidification technique, 

eutectic microstructural characteristics such as interlamellar spacing, the volume fraction of phases, 

and the eutectic morphology were found to be equivalent when produced at similar undercoolings.

2
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INTRODUCTION

A lum inum -zinc alloys have long been used for a num ber o f  engineering 

applications. As early as the tu rn  o f this century, these alloys w ere recognized to be 

o f  significant industrial im portance as casting alloys given their low density, high 

fluidity, and low surface tension. In  m ore recent times, perhaps the m ost significant 

use these alloys has been the application o f Zn-rich alloys as corrosion-resistant 

coatings, which are now considered commonplace for a num ber o f  steel com ponents. 

The requirem ents fo r zinc coatings have become so great that by 1991, 1.8 m illion 

tons o f zinc ore was used fo r galvanizing steel, representing alm ost 50%  o f total 

w orldw ide use o f  zinc. Presently in N orth  America alone, there is approxim ately 20 

m illion  tons o f coated-sheet capacity. The rapidly increasing dem and fo r these 

coatings has resulted in a situation w here the steel industry has been quick to respond 

to consum er dem ands and, consequently, a num ber o f zinc coating products have been 

developed without a thorough understanding o f these coatings. F o r exam ple, the 

relationships between processing param eters, m icrostructural characteristics, and 

coating properties m ay not be fully understood. The result is a product which 

provides some o r all o f  the required characteristics for which it is intended, but it 

may not be optimal in term s o f cost effectiveness and perform ance. Scores of 

research projects are therefore currently underway to investigate fundam ental 

questions regarding hot-dip zinc coatings.

O f all the types o f Zn-based hot-dip coatings currently produced on a

3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



com m ercial basis, Galfan" (Zn-5wt%  Al) is considered to be the m ost formable due to 

the lim ited form ation o f  an intermetallic com pound layer at the substrate/coating 

interface and the inherent ductile nature o f  its eutectic structure. Production of this 

coating has grow n from  about 10,000 tons in 1983 to  alm ost 600,000 tons in 1993. 

A lthough there are num erous uses for Galfan and the dem and fo r this coating 

continues to increase, it may not be suitable for som e applications w hich have 

stringent surface requirem ents because the coating often contains small surface 

defects. The factors which contribute to the sm oothness o f  the coating have been 

unclear, but the problem  has been associated w ith eutectic grain  boundaries.

The problem atic surface condition o f  G alfan coatings has led to interest in the 

present research program . As an overall objective, this study was designed to address 

the solidification characteristics o f  eutectic and off-eutectic A l-Z n  alloys. In  so doing, 

the relationships betw een coating processing conditions and m icrostructure w ill be 

m ore fully understood, thereby providing a fundam ental basis for further coating 

research and developm ent. The solidification o f  eutectic and off-eutectic alloys is 

therefore investigated in term s o f nucleation and grow th characteristics. The effects 

o f  com position and cooling rate o n  the nucleation o f  proeutectic and eutectic phases, 

and the subsequent effects on  eutectic m icrostructural developm ent, are examined with 

the use o f  d ifferential scanning calorim etry techniques. L ikew ise, the effects of 

com position and grow th rate on the m icrostructures o f these phases are studied 

through unidirectional solidification experim ents. The m icrostructures produced by 

solidification experim ents are not intended to sim ulate those o f  commercial coating

4
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product, but it is anticipated that the results obtained from  this research may be 

applied to the engineering o f Galfan hot-dip coatings.

5
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BACKGROUND

In the following review o f the literature and theory which are pertinent to  this study, 

solidification in terms o f nucleation and growth, the Al-Zn system  and eutectic, and 

G alfan coatings are discussed, respectively.

Nucleation Theory

The solidification process can be separated into nucleation and growth events. 

As a liquid cools, a  temperature (the solidification point) is reached at which the free 

energy o f the solid phase is equal to that o f the liquid. Any further cooling results in 

a  continual decrease in the free energy o f  the solid phase, and consequently, in a 

driving force for solidification. A solid phase is said to have nucleated from the melt 

when a critical num ber o f  atoms have bonded in a crystalline array such that a  stable 

em bryo has form ed and can continue to grow.

H om ogeneous N ucleation

In hom ogeneous nucleation, the solid embryo forms within the m elt in the 

absence o f any nucleation catalysts. As explained above, the formation o f the solid 

phase will result in a negative contribution to the system free energy. However, the 

creation o f a solid/liquid interface upon solidification has a positive influence on this 

energy, resulting in the following expression to describe the change in free energy 

resulting from  the nucleation event:

6
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a g = -ksa g v+as,Yj, (1)

w here Vs is the volum e o f the newly formed solid, AGV is the difference in free 

energy betw een the liquid and solid phases, Asl is the area o f  the solid/liquid interface, 

and ys, is the solid/liquid interfacial energy. The second term  in equation 1 is often 

large enough to cause a considerable undercooling (driving force) before nucleation 

occurs (Turnbull and Cech, 1950) (Thompson and Spaepen, 1983) (Perepezko, 1984). 

Once initial nucleation has occurred, subsequent nucleation is rapid according to the 

equation (Turnbull and Fisher, 1949) (Turnbull 1, 1950);

exp[ — (2> 
(A G fkT

nuclei/m ol°sec°cm 3. In this equation, A is a system  constant and K is a factor 

determ ined by the shape of the nucleus. A lthough homogeneous nucleation is thought 

to occur for small droplets dispersed in solution (Thompson and Spaepen, 1983) 

(Perepezko, 1984) (Chu et al., 1984), it is not achieved for most liquids as there is 

inevitably some nucleation catalyst or site available in the system (Turnbull 2, 1950) 

(H ollom an and Turnbull, 1951) (Sundquist and M ondolfo, 1961).

H eterogeneous Nucleation

In heterogeneous nucleation, the energy barrier for the start o f nucleation is 

decreased due to the presence o f any substrates or impurities in the system  which 

provide initiation sites. For a spherical em bryo which solidifies as a "cap" on an 

already existing solid surface (Figure 1), the free energy required for nucleation is

7
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given as (Turnbull 2, 1950):

AG=-VAG +A ,y ,+A y -A y,s v s i ' s i  s m 's m  s m ' lm

or

(3)

A G=[- Vs A Gv +Astysl] [ -  (2 +cos0) (1 -cos0)2].

In equation 3, "sm" and "lm" refer to the solid/m old and liquid/mold interfaces,

respectively. The second term  in

(4)

LIQUID . v
4  Ysl

EMBRYO

* 1 l i S t N
—-----1— ---------

Y'sm
SUBSTRATE

Figure 1. Embryo formation on an existing
substrate and associated interfacial energies.

equation 4  is com m only w ritten as S(0) 

and denoted as the "shape factor", which 

has a  numerical value <1 as shown in 

Figure 2. The free energy required for 

heterogeneous nucleation is therefore 

always less than that for hom ogeneous

nucleation by a factor o f S(0). Likewise, the nucleation rate for heterogeneous 

nucleation differs by that for homogeneous nucleation (equation 2) due to the 

influence o f the shape factor as follows (Turnbull 1, 1950):

(A G / k T
(5)

which can also be written as shown in equation 6 (Turnbull 2, 1950). H ere, q is the

I=K exp[ -(A G+q)
kT ] (6)
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activation energy necessary for atomic diffusion across the solid/liquid interface and 

AG is given by equations 1 and 4  for homogeneous and heterogeneous nucleation, 

respectively. Since AGhcI« A G hom, the 

steady state nucleation rate for 

heterogeneous nucleation will be much 

greater at a given temperature than the 

rate o f  homogeneous nucleation.

Eutectic Nucleation

For eutectic alloys, two 

nucleation events m ust occur before 

steady-state growth can ensue. The first 

is the nucleation o f one primary phase, which occurs at some undercooling below the 

liquidus or eutectic temperature depending on alloy composition. This phase can act 

to  either promote or hinder the nucleation o f the other eutectic phase, depending on its 

"nucleating power". The ability o f one solid to heterogeneously nucleate another solid 

has been the subject o f a num ber o f investigations, particularly in eutectic systems. 

M ost studies have indicated that eutectic alloys exhibit "non-reciprocal" nucleating 

characteristics, meaning that one primary phase will acts as an effective 

hetereogeneous nucleation site for the other phase, but not vice-versa (Hollomon and 

Turnbull, 1951) (Sundquist and M ondolfo, 1961) (Powell and Colligan, 1971) 

(Lemaignan et al., 1980) (Lemaignan, 1981). For example, Sundquist and M ondolfo

9
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F igure 2. Shape factor as a function of wetting 
angle.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



found that for the Pb-Sn system, primary Sn will nucleate Pb at undercoolings between 

0 and 0.5°C, while primary Pb has no apparent nucleating effect on Sn resulting in an 

undercooling AT>55°C for Sn nucleation. For some eutectic alloys, a prim ary phase 

may be so poor a nucleant that the surrounding m elt becomes severely undercooled 

and solute enriched, resulting in dendritic growth o f the undercooled phase prior to 

eutectic growth (Lemaignan, 1980).

The basis for the differences in nucleating abilities for each primary phase is 

not clear, but it has previously been related to the melting point o f  the primary phase 

and interfacial energy arguments (Sundquist and M ondolfo, 1961) (Southin and 

Chadwick, 1978). In consideration of Figure 1, it is seen that the solid/liquid 

interfacial energy o f a nucleation catalyst (ctm,) can be considered to be part o f the 

driving force for solidification, while the solid/liquid interfacial energy o f  the 

nucleated solid (cfsI) can be considered to be a barrier for nucleation. In other words, 

an increase in o ml would tend to decrease the wetting angle (0) o f the nucleated 

em bryo, while an increase in c sl would tend to increase 0. It follows that metals 

which have high solid/liquid interfacial energies are difficult to nucleate and will tend 

to  be good nucleating agents, and metals with low  solid/liquid interfacial energies will 

be easy to nucleate and will act as poor nucleating agents. Furthermore, since 

elem ents having high melting temperatures typically have higher o si’s than elements 

with low er melting temperatures and equal crystal structures, those elements with 

higher m elting points should be better nucleants than those with lower melting 

temperatures.

10
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Crystal structure is an important factor in heterogeneous nucleation. Due to 

lattice mism atch considerations, an interface between two metals o f the same crystal 

structure will usually, but not necessarily, have a lower interfacial energy than that 

betw een materials o f different crystal structures. Although this has been found to 

generally hold true (Southin and Chadwick, 1978), a clear understanding o f  the 

influence o f crystal structure on heterogeneous nucleation has not yet been determined.

11
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Eutectic Growth

In the sections to follow, eutectic growth is discussed in terms o f the lam ellar- 

rod transition, interlam ellar spacing and interface undercooling, diffusion ahead o f  the 

solid/liquid interface, and lam ellar curvature.

The Lam ellar-Rod Transition

Regular eutectics can grow with either a lam ellar or rod morphology, or with 

both. The transition between lam ellar and rod growth has been associated w ith the 

volume fraction o f  the phases involved, the presence o f im purities, changes in growth 

direction, and the curvature o f the solid/liquid interface during solidification. As will 

be shown, m any o f  these factors cannot be considered independantly.

Tiller (1958) noted from  a num ber o f early experim ents that rods are typical o f 

some eutectics solidified at all growth rates, while for others, lamellae break dow n into

F ig u re  3. Cross-sections o f a) rod and b) lam ellar eutectic morphologies.

12
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rods at certain velocities. It is also qualitatively argued that a rod m orphology should 

be favored when the volume fraction o f one of the eutectic phases is large. T iller 

speculated that there may be some relationhip between growth rate and the volum e 

fraction of phases, thus accounting for the change in some eutectic morphologies with 

growth rate. Theoretically, however, this is not possible, and there are other 

explanations for his observations as will be discussed. As noted by Cooksey et al. 

(1964), the length o f the oc/p surface per unit cross section in a lamellar m orphology is 

independent of 

the relative 

thicknesses of 

the lamellae 

and equals 2/X.

For rod growth, 

however, the 

oc/p surface area 

is dependent on 

the relative 

volume

fractions o f  the

tw o phases. Based on Figure 3, the number of cross-sectional "triangles" resulting 

from rod formation is 4/^13X1, with each triangle containing an a /p  interfacial length o f 

7tr. The ot/p interfacial length is therefore 4mW3X2, and substituting for r, it is

13
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F ig u re  4. Surface energy produced by rod and lamellar 
eutectic growth, as a function of volume percent second 
phase.
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calculated to be 3.816F°5/^ , where F  is the 

this analysis, the surface energy associated ' 

in Figure 4, which implies that rod formatic 

whereas for higher values o f F, a lam ellar r 

through sim ilar interfacial energy considerai 

and Hunt, 1966) that a critical volum e fract 

growth. It is also noted (Jackson and Hunt 

grow anisotropically, it is possible to  grow 

fractions.

Figure 5. Rod formation due to a curved 
solid/liquid interface during cellular growth.

in a direction other than the preferred 

it is argued (Hunt and Chilton, 1963) 

to  rod formation. The presence o f im 

growth, thus resulting in a  curved soli

/olum e fraction o f the a  phase. Based on 

vith rod and lamellar growth is represented 

n is expected at low F values (<0.28), 

lorphology is predicted. It has been shown 

ions (Hunt and Chilton, 1963) (Jackson 

on o f 0.3 is expected during isotropic 

1966), however, that for systems which 

lamellae even at low phase volume

In addition to volume fraction 

considerations, the influence o f the solid/ 

liquid interface shape on the lamellar-rod 

transition has been acknowledged. An 

experim ental analysis (Hunt and Chilton, 

1963) has shown that rods will result in 

an otherwise "lamellar" eutectic when 

the interface becom es curved or 

disrupted for any reason, thus solidifying 

Iar growth direction. By this m echanism,

, 1966) that impurities indirectly contribute 

s results in the breakdown o f  planar front 

id interface. It is this curved interface that
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induces rod formation, since the phases w ill grow normal to the interface as show n in 

Figure 5. The breakdow n will also occur if  the eutectic grow s into a mechanical 

obstacle or dendrite. This may explain T iller’s observation that some eutectics w ill 

break down into rods at a certain growth rate, since a high velocity implies a high 

undercooling during solidification, which may result in the form ation o f eutectic cells 

(the reader is directed to the section on Coupled Zone Theory).

Eutectic Growth: Interlam ellar Spacing and Interface U ndercooling

There has been a considerable amount o f  both theoretical and experim ental 

w ork on the grow th o f  eutectics. Oddly enough, the paper w hich provided a 

fundam ental basis for eutectic theory was written to describe the solid-state 

transform ations from  austenite in the Fe-Fe3C system, w ith particular attention to  the 

eutectoid decom position to pearlite (Zener, 1946). Using therom odynam ic rationale, 

Zener found that pearlite will grow with an interlam ellar spacing w hich is inversely 

proportional to the am ount o f  undercooling below the eutectoid transform ation 

tem perature. Com bining this analysis with the effects o f undercooling on diffusion 

and grow th rate, it is deduced that for pearlite growth,

X2V = constant. ^

Tiller (1958) applied Zener’s analysis to eutectics, verifying Equation 7 under the 

assum ption that growth occurs at a m inimum undercooling at a given velocity.

The relationship between growth rate and interlam ellar spacing can be deduced 

from undercooling considerations. During solidification, the solid/liquid interface is

15
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assum ed to be isothermal along its length and at some tem perature below the eutectic 

tem perature, AT (Tiller, 1958) (Hunt and Chilton, 1963) (Chadwick, 1963) (Jackson 

and Hunt, 1966). The factors which contribute to AT becom e clear when eutectic 

grow th can be considered to be the result o f  two com peting effects, namely:

1. Diffusion in the melt, where growing phases are sources or sinks w ith respect 

to the diffusing elements; and

2. Interface energy, which would prefer com plete separation (no curvature) o f the 

two solid phases in order to minimize the free energy o f  the system.

These com peting effects result in two separate sources for the undercooling o f  a solid 

interface below the eutectic temperature during growth: i) ATC, the the solute 

undercooling, which arises from the local concentrations at the solid/liquid interface 

and subsequent diffusional limitations; and ii) ATr, the curvature undercooling, which 

arises from  the increase energy associated with an increased curvature o f the 

solid/liquid interface as the interlamellar spacing decreases. One additional 

contribution is ATk, the kinetic undercooling, which is due to  the chem ical potential 

difference which provides the driving force for solidification. Since ATk is negligible 

for grow th in system s where the entropy o f fusion is low, such as in m etallic system s 

(Jackson and Hunt, 1966), the total undercooling during eutectic growth can be 

expressed as follows:

A T  = A Tc + A Tr (8)

w here C E is the eutectic solute concentration, Cz=0 is the solute concentration at the

16
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=[m(CE- C ^ ]  + [T K(x)] }

= KcXV  + y  , (10)

interface, m is the local liquidus slope, T is the Gibbs-Thom pson coefficient, K(x) is 

the local interface curvature, and Kc and K, are solute and curvature constants 

respectively. The effects o f each undercooling contribution for a given velocity are 

shown graphically in Figures 6 and 7 as functions o f interlam ellar spacing and of 

position along the solid/liquid interface, respectively. Assuming that growth occurs at 

the extrenum  condition, or at the minimum undercooling for a given velocity,

= 0 = K  V -  — , (11)
dX c X2

such that

K V  = ^  (12)
X2

and therefore,

X2V = ^  . (13)

Several experimental investigations 

(Chadwick, 1963) (Hunt and Chilton,

1963) (Cooksey et al., 1964) (Moore 

and Elliott, 1967) (Jaffrey and

Chadwick, 1969) (Clark and Elliott, Figure 6. Contributions to the total under­
cooling during eutectic growth.
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1976) have shown that \= V 'n • constant for a num ber o f regular eutectics over a wide 

range o f growth rates, although n 

was found to vary from 0.35 to 

0.50. This variance between 

theory and experim ent can be 

attributed to the assumption 

originally made by Tiller (1958) 

that grow th occurs w ith a 

m inim um  undercooling at the 

interface, since this assumption 

has no fundamental justification.

As pointed out by Hunt and 

Jackson (1966), and later by 

Seetharam an and Trivedi (1988), a 

range o f  lamellar spacings is 

theoretically possible at a given 

grow th rate such that \ n< k  < X.M 

as show n in Figure 8. It has been shown (Seetharaman and Trivedi, 1988) that if the 

stable range shown in Figure 8 is entered from k<km , the steady-state interlam ellar 

spacing value will be slightly larger than that predicted by the minim um  undercooling 

condition, while if the stable range is entered from X>^M, the steady-state interlam ellar 

spacing value will be somewhat less than A,M and can slowly drift towards some

18
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Figure 7. Undercooling contributions along 
the solid/liquid interface during lamellar 
eutectic growth.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sm aller value. A narrow range 

o f stable interlam ellar 

spacings, resulting from  

differing solidification 

conditions, is therefore 

established.

In the sections to follow, the 

factors which contribute to AT 

during eutectic growth, namely 

diffusion ahead of the 

solid/liquid interface and the interface curvature, are described in som e detail.

Eutectic Growth: D iffusion

In their well-know n paper, Jackson and H unt (1966) solved diffusion equations 

for both lam ellar and rod eutectic growth. In their analysis, it is assum ed that the 

lam ellar interfaces are flat and the diffusion distance ahead o f the interface is m uch 

larger than the interlam ellar spacing. Under these assum ptions, the diffusion equation 

ahead o f  the solid/liquid interface during steady-state growth in the z direction is given 

as:

H
<
sic
oouu0)

-ac
& unstable

unstable stable

A.M
Interlamellar spacing, X

Figure 8. Undercooling as a function o f X for 
a given velocity. Stable and unstable growth 
regions are shown.
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xp-c + ——  = 0
D  dz

(14)

This derivation o f  this equation is not given by Jackson and Hunt, but it can be 

obtained from  F ick’s Second Law:

cPC _ 1  dC 

(,d x ' f  D d t '

Since, according to the Chain Rule,

dC _ dC d x ' , dC 
dt dx '  dt dt

and

d x '

(dx ;)2 dt Qx' dt

Introducing a y coordinate and rearranging gives

9*C & C R d C  1 dC

(15)

(16)

R, d 7 )
dt

(18)

(19)
( d x f  d y2 D dx> D  dt 

The right hand side o f  equation 19 is equal to zero when steady state growth is 

assum ed, and therefore this equation is equivalent to equation 14. The solution to 

equation 14 reduces to

V c  /mz

C=C+C +B0e c o s - ^ - e  s'*s* (2°)e “> u z —/ n e  , e
«=1 * « +*p

for lam ellar growth, where

20
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and

*o=
0 , - Q PSp „  2

; B^ T Z 72(S- +S^ d C° shl(tlTt)

nKs a

V ^ p
(21)

c = c , +c . +v  D' + £ v 0(— )* r“

Yn2

n = l r « + rP

(22)

▲ Growth Direction

F igure 9. Illustration of terms used in the Jackson and Hunt analysis for a) a planar lamellar 
interface, b) theoretical eutectic phase diagram, and c) a rod structure.

for rod growth, where

Y r

A -< r■ )2C - C f  ■ A ^ C J  (23>• ^ 0 " )  )  u 0 > A n n  ^ ( T l  2  -  •

r a =rP D (YJo)2

Several o f  the terms used in these equations are defined in Figure 9, and y„ is

approximately equal to njt. Jackson and H unt’s analysis, and the assumptions therein,

21
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have been shown to be experim entally sound (M ollard and Flemings, 1967b), at least 

for the case o f regular lamellar eutectic growth.

Eutectic Growth: Interface Curvature

Expressions have been derived (Jackson and Hunt, 1966) for the average curvature of 

both lam ellar and rod eutectics. Curvature is dependant on phase boundary geometry 

and on interlam ellar spacing. For the case o f lamellae, the curvature is given simply 

as

K= —  = - [ —  = -  sin 6 , <24>
r(x) S JQ r(x) S

where S and 0 are shown in Figure 10. For the rod m orphology where a  rods exist in 

a (3 matrix, curvatures are given as

2 2 r
K  =—sin 0„ ; K R= 2 sin 0„

r “ P (r +,  \2 2 P
“ (r a +r r a

(25)

The curvature expressions shown above 

can be com bined with the expressions 

for the average com position at the 

interface, equations 20 or 22, to obtain 

the total interface undercooling during 

lamellar or rod eutectic growth, 

respectively.
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F igu re  10. Schematic illustration of lamellar 
interface showing definition of S and 0. (After 
Jackson and Hunt, 1966)
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The Eutectic-Dendritic Transition

Com petitive Growth Criterion

H unt and Jackson (1967) were the first to speculate on the theoretical basis for

the eutectic-dendrite transition in

Ta

T e

cutcctic

a  d end rite s

dend rite s

G row th rate

metallic alloys. Based on prior 

investigations involving organic systems 

(Tammann and Botschwar, 1934) 

(Botschwar, 1934) (Kofler, 1950), they 

argued that the structure w hich grows 

with the highest velocity at a given

Figure 11. Schematic drawing of the variation undercooling (or w ith the lowest 
in growth rate of the eutectic and of primary
dendrites for an alloy rich in component A. undercooling at a given grow th rate) will 

be preferred and will constitute the solidified morphology. For example, fo r the 

isotherm al solidification o f a binary A-B alloy on the A-rich side o f the eutectic, only 

a  dendrites will grow at temperatures greater than the eutectic tem perature, T E (see 

Figure 11). For tem peratures between T, and T E, however, both a  dendrites and 

eutectic w ill exist, w ith  the dendrites growing ahead o f the eutectic due to their higher 

growth velocity. Finally, at temperatures less than T,, eutectic w ill outgrow dendrites 

and will therefore be the only structure to form. Furthermore, it is pointed out in a 

qualitative m anner that the temperature gradient in the liquid, G, does play a role in 

dendritic and mixed dendritic-eutectic growth. It is speculated that as G increases, the 

distance that dendrites can grow out ahead o f the interface continues to decrease.
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Hunt and Jackson offer no experimental verification o f their analysis.

C onstitutional Supercooling Criterion

In contrast to H unt and Jackson, M ollard and Flem ings (1967) attem pted to 

show that the dendrite-eutectic transition depends on the constitutional supercooling 

criterion (CSC). As discussed in the section "Eutectic Growth: D iffusion", the 

steady-state solute distribution ahead o f an advancing solid/liquid interface is given by

V2C+— — =0 , (14)
D d x '

which is schem atically represented in Figure 12a. This distribution controls the

equilibrium  liquidus temperature in the z direction, which is related to the com position

by

T fC J  -  T/z) = m(Co-C(z)) . (27)

A s the solute concentration in the liquid, C(z), decreases ahead o f the interface, the 

liquidus temperature, T,(z) will increase as indicated by the phase diagram , F igure 12b. 

Depending on the temperature gradient in the melt, the com position-induced variation 

in liquidus temperature may result in a region ahead o f the solid/liquid interface where 

the tem perature, Tqis actually less than the liquidus tem perature, Figure 12c. This 

region is said to be constitutionally supercooled, thus prom oting the grow th o f 

interface perturbations into cells or dendrites. The CSC is therefore given as
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G < mG , (28)

w h ere  G c is the so lu te  g rad ien t in  the m elt w h ich  can  also  b e  ex p ressed  as

G c = ( ^ ) A C Q . (29)

A cco rd in g ly , a p lan ar eu tec tic  in terface  w as expected  to be stab le w hen

G m jA C J  

V* D
(30)

o r  w hen  g row th  occu rs in the p resence  o f  a h igh  tem p era tu re  g rad ien t in  the liqu id  

a n d /o r a t low  grow th  ra tes.

In a  series o f  d irec tiona l 

so lid ifica tion  experim en ts  in v o lv in g  o ff- 

eu tec tic  S n- rich  S n -P b  a lloys so lid ified  

at g row th  ra te s  up to  30  E -4  cm /sec  and  

tem peratu re  g rad ien ts  up  to 4 8 0 °C /cm , 

qualita tive  ag reem en t w as  ob ta ined  

betw een  the  C SC  p red ic tio n s  and  

experim en ta l find ings (F igu re  13). A t 

so lu te  co n cen tra tions < 10at%  fro m  the

Planar
eutectic

Dendritic

10 15 20 25 30
At% Pb

F igure 13. The eu tec tic -d en d ritic  
tran sitio n  as p red ic ted  by  the  C SC  (dashed 
line) and  as de term ined  fo r  the Sn-Pb 
system  (so lid  line). (A fte r M olla rd  and 
F lem in g s, 1967.)

eu tectic  (26 at%  P b), how ever, p lan a r 

eu tectic  g row th  w as fo u n d  to  p e rsis t 

w here sign ifican t su p ercoo ling  w as
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predicted. The discrepancies between theoretical predictions and experimental results 

were largely attributed to the fact that the CSC predicts the onset o f planar front 

instability, and not necessarily dendritic growth. However, it can also be argued that

Tl(z)Co/k

Tl(Co)Liquid

C(z) CS zone

Tl(z=0)

Co

Co/k

Figure 12. Elements o f the CSC: solute distribution(a) results in a liquidus gradient(b) 
resulting in a supercooled region(c).

the CSC cannot predict the transition to dendrites in an alloy o f  eutectic composition, 

since such an alloy will always be constitutionally supercooled. Since the solute 

buildup ahead o f a eutectic interface will result in  a decreasing liquidus temperature 

w ith distance (as opposed to an increasing liquidus temperature for off-eutectic alloys), 

such an interface will always grow in the presence of constitutional supercooling. It 

therefore seems that the competitive growth criterion will be more likely to predict the 

eutectic-dendrite transition for eutectic alloys, and this is consistent with the work of 

Jackson (1968).

Jackson (1968) experimentally verified the com petitive growth theory proposed 

by H unt and Jackson (1967) with the quantitative inclusion o f temperature gradient.
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In this study, experim entally-determ ined expressions for the growth rates o f Sn-Pb 

eutectic and Sn dendrites as functions of undercooling are used in order to derive 

grow th rate expressions which take temperature gradient into account. If  the 

calculated dendrite growth rate was greater than the eutectic growth rate, dendrites 

were predicted to grow ahead of the interface. This analytical treatm ent was applied 

to the experim ental data determ ined by M ollard and Flemings, resulting in a m uch 

im proved correlation between theoretical predictions and experim ental findings. 

Jackson argued that since M ollard and Flemings used high tem perature gradients in 

their experim ents, high growth velocities are therefore needed to obtain dendrites 

according to the CSC, which predicts dendritic growth at low values o f  G /v (equation 

30). H igh growth rates, in turn, imply that large undercooings (AT°=v) are needed for 

dendritic growth. Since a negligable undercooling is assum ed for cellular or dendritic 

grow th in the CSC derivation, the CSC cannot predict dendrite-eutectic transitions in 

the presence o f a tem perature gradient.

The ability o f  a eutectic or off-eutectic alloy to produce a eutectic or dendritic 

structure is often discussed in terms o f the coupled zone o f growth for a particular 

alloy system. As will be shown in the following section o f this review , the structural 

m orphology o f a eutectic or off-eutectic alloy is dependent on a num ber o f 

solidification conditions during the nucleation and growth events.

Coupled Zone Theory

The coupled zone of growth refers to the set o f solidification conditions which
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w ill produce a eutectic structure which is free from proeutectic dendrites. Knowledge 

o f  this zone can be useful in determining which alloy com positions, solidification 

rates, and temperature gradients in the melt, can produce desired m icrostructures. The 

equilibrium  phase diagram  alone is not a sufficient reference w hen predicting 

solidification morphology, since for certain solidification conditions, wholly eutectic 

structures can be produced in a wide range o f  off-eutectic alloys, and for som e alloy 

system s, prim ary dendrites can be produced at the eutectic com position. This is 

show n in Figure 14, which contains a schematic illustration o f a sym m etric coupled 

zone for a typical normal eutectic.

W ithin the shaded area, the eutectic 

m orphology is most stable and will 

outgrow dendrites o f either primary 

phase.

In conventional coupled zone 

theory, the structure which grows 

w ith the highest velocity at a given 

undercooling, or with the lowest 

undercooling at a given velocity, 

will be preferred by the system  and will constitute the resultant m icrostructure (Kurz 

and Fisher, 1979) (Kurz and Fisher, 1989). As discussed in the section on eutectic 

grow th, eutectics will grow with an undercooling given by
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a-dendrites 
+ eutectic

ZvffffX P-dendrites 
+cu,ectic

:eiifedtic:: \

C ►
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Figure 14. Coupled zone o f  growth for a 
normal eutectic system.
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Kr
A T  = K X V  + —  ,

X
(10)

and will approxim ately follow the relation

K

Substituting X from equation 10 into equation 13,

AT  = Ke( ^ - ) V
\

K

V K. K.

V K

(13)

(31)

and therefore,

or

A T  = \[V • constant.

(32)

(33)

Sim ilarly, for dendritic growth, the undercooling is given by (Burden and Hunt, 1974)

GD ,mVr.n krGD ITA T   ----------(------ )(l-A:)Crt -  -------- + —
V D V r

(34)

which can be simplified to (Kurz and Fisher, 1979)

A T  -  + J v  • constant .
V

(35)

By com paring equations 33 and 35, it can be seen that with known solidification 

conditions, one can predict morphological transitions based on undercooling 

considerations. Figure 15 illustrates this principle for an alloy of composition C„ for a 

eutectic alloy system  which is characterized by a symmetrical coupled zone. It is
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shown in this figure that for m ost growth rates, (3 dendrites grow with the lowest 

undercooling and are therefore more stable than eutectic or a  dendrites. In this case, 

P dendrites will grow ahead o f the eutectic interface since they grow with a low er 

undercooling. However, since the undercooling associated with P dendrites can be 

expressed in the form  shown in equation 35, the eutectic structure is more stable at 

very low and high growth rates and will therefore be the preferred m orphology even 

though C0 is not o f  eutectic composition.

P-dendritesTl

eutectic

a-dendrites

C — ► CoA B Log V

Figure 15. Coupled zone and corresponding temperature-velocity diagram  for a 
normal eutectic system.

In systems where one o f the eutectic phases either grows anisotropically or 

requires a high undercooling for nucleation, a skewed coupled zone may exist. In this 

case, dendrites o f one primary phase may be the m ost stable form  o f growth at the 

eutectic com position or even on the other side of the eutectic com position, where 

dendrites of the other primary phase w ould normally be expected to form. T his is
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schem atically illustrated in Figure 16, along w ith a tem perature-velocity plot which 

can be com pared to that for a symmetrical coupled zone as shown in Figure 15.

(3-dendrites
T l

H a-dendrites

eutectic

C — ► CoA Log VB

Figure 16. Skewed coupled zone and corresponding tem perature-velocity diagram  for 
a eutectic system  where one phase grows anisotropically or may require a large 
undercooling for nucleation.
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The Al-Zn Equilibrium Phase Diagram

The Al-Zn phase diagram  has been a source o f investigation and debate for 

about a  century. Because alloys of this system possess great fluidity and low melting 

points, they have long been used as casting alloys. Consequently, quantitative 

inform ation regarding the liquidus line o f  this system was achieved as early as 1897, 

at which time H eycock and Neville determined the freezing tem peratures for various 

A l-Zn alloys and identified a eutectic point at 380.5°C and 89 at% Zn. Based on 

therm al analysis and microscopic examination, Shepherd (1905) verified the eutectic 

point found by Heycock and Neville, and produced the first com plete, although crude, 

A l-Zn phase diagram . Although the A1 solidus line was not determined, the diagram  

w holly consisted o f  a eutectic transformation with the eutectic line ranging from  

approxim ately 45 to 95 at% Zn. In 1911, Rosenhain and A rchbutt (1911) noted that 

the A l-rich phase decomposes, perhaps in a eutectoid reaction, at 256°C and 60at%

Zn. M ore im portantly, however, they suggested a peritectic reaction to occur at 443 °C 

and 60at% Zn, thus intiating a debate that continues to present times. Further 

investigations (Hanson and Gayler, 1922) (Fuller and W ilcox, 1935) confirm ed the 

presence of the eutectoid decomposition, but many (Fuller and W ilcox, 1935) (Fink 

and W illey, 1936) (Gayler and Sutherland, 1938) (Ellwood, 1940) disagreed on the 

basis o f various experim ental findings obtained through thermal analyses, dilatometry, 

electrical resistivity measurements, and microscopy, that a peritectic reaction occurs in 

this system. Futhermore, the Al-rich solid solution was shown to be 

crystallographically identical to the phase which was previously proposed to be the
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result o f the peritectic reaction, and the lattice parameter of the solid solution within 

this extended composition range was found to change only by virtue o f changes in 

com position. These investigators also discovered a miscibility gap within the A1 solid 

solution, yielding the phase diagram which closely resembles the one com m only

800

700
660.45 C

600
U

500<uu
S

419.58 C 
_  98.8 

(97.2)

g  400
<u
a
S 300<u

H
200

(81 C
351.5 C 

— '  6 1 . 3 " ' 

277 C  (39-S)

/83.1 95.0 ( "
(67.0) (88.7) ' s.

32.4
(16.5)

77.7
(59.0)

100

0 10 20 30 40 50 60 70 80 90 100

Weight Percent Zinc

F ig u re  17. The Al-Zn equilibrium phase diagram. Atomic percent com positions
given in parentheses.

accepted today (Figure 17). Unfortunately, more recent studies (Goldak and Parr,

1963) (Nayak, 1973) give credence to the prospect o f the peritectic reaction and an

adjacent, narrow two-phase region which intersects the A1 solidus and the miscibility
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gap. A lthough the experim ental techniques used by these investigators, which include 

high-tem perature x-ray diffractometry and quantitative therm al analyses, seem  

plausible, the proposed peritectic reaction and subsequent two-phase field are not 

theoretically sound because i) the presence o f  a two-phase field is not consistent with, 

and cannot be joined to, the well-established miscibility gap; and ii) the two-phase 

field separates two crystallographically identical phases o f nearly equal com position

Table I. Phase transformations in the Al-Zn system. (After Murray, 1983)

Phase
Transformation

Composition, 
wt% 

(at% Zn)

Temperature
(°C)

Transformation
Type

L *  (3+ri 95.0
(88.7)

381 Eutectic

P * P'+ri 77.7
(59.0)

277 Eutectoid
(M onotectoid)

(Al) -  p '+p 61.3
(39.5)

351.5 Critical

L * (Al) 0
(0)

660.45 Congruent

L ** T| 100
(100)

419.58 Congruent

(within 1 at%), and this is not thermodynamically feasible. The phase diagram  shown 

in Figure 17 is therefore the m ost widely accepted for this system, although questions 

still rem ain about the presence o f a peritectic reaction.

The solid phases present in the Al-Zn system include (3', (3, and r|. (3' and (3 

represent the Al- and Zn- rich portions, respectively, o f the A1 fee solid solution. The 

solubility o f Zn in the Al solid solution increases with tem perature to 16.5 at% at the
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eutectoid temperature (277°C), and 67 at% at the eutectic tem perature (381°C). r) is 

the cph Zn phase, which has a m aximum Al solubility o f 2.8 at% , which occurs at the 

eutectic. This solubility decreases to 1.6 at% at the eutectoid tem perature and 0.07 

at% at room temperature. The transformations involving these phases are sum m arized 

in Table I.
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The Al-Zn Eutectic

As noted from  the phase diagram (Figure 17) (Table I), the eutectic 

transform ation in the Al-Zn system  occurs at 381°C and 95.0 wt% (88.7 at%) Zn.

This eutectic is classified as a normal eutectic (Hunt and Jackson, 1966) since both 

eutectic phases have low entropies of fusion and therefore grow isotropically w ith 

atom ically rough interfaces (no facets). The eutectic morphology is usually that of 

lam ellae, but since the volume percent second phase is approxim ately 30%, the 

structure readily breaks down into rods when the solid/liquid interface becom es curved 

for any reason, i.e. changes in growth direction, cell form ation due to  impurities, etc.. 

(H unt and Chilton, 1963).

Non-reciprocal nucleation characteristics have been observed for the Al-Zn 

eutectic. Spittle (1977) speculates that since Al-rich P dendrites in off-eutectic alloys 

are typically surrounded by Zn-rich T| halos, Al must be a better nucleant o f  Zn than 

vice versa. The expected nucleating abilities o f  the prim ary phases based on the 

interfacial energy considerations as discussed by Sundquist and M ondolfo (see the 

section "Eutectic Nucleation") support the notion that Al is a better nucleant than Zn, 

since the surface energy of Al is greater than that o f Zn. To the contrary, however, it 

can be argued by rationale put forth by Chadwick (1963) that the presence o f q  halos 

around |3 dendrites indicates that Al is a poorer nucleant o f Zn than vice-versa. If the 

P dendrite does not serve as a heterogeneous nucleation site for T], the liquid 

surrounding the dendrite will become enriched in Zn as the dendrite grows. This 

enriched zone will be highly undercooled, resulting in the nucleation o f q  w ithin this
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zone. Based on these 

conflicting theories, the 

significance o f the r) 

dendrites on the 

nucleating abilities of 

the prim ary phases 

therefore warrants 

further investigation.

In an extension 

o f  the nucleation

characteristics suggested by Spittle, it is argued that the coupled zone for this system 

is asym m etric and skewed towards the Al-rich side of the Al-Zn phase diagram. 

A lthough the link between nucleation characteristics and the placem ent of the coupled 

zone is not clear since coupled zone theory is based on growth considerations (Kurz 

and Fisher, 1979), further evidence o f such a zone is presented by Porot et al. (1987), 

w ho found that for rapid cooling rates, Zn-rich r| dendrites can be formed even on the 

A l-rich side o f the eutectic.

Several directional solidfication studies have been conducted with Al-Zn 

eutectic alloys (Chadwick, 1963b) (Cooksey et al., 1964) (M oore and Elliott, 1969) 

(Livingston e t al., 1970) (Tucek et al., 1986). The resulting interlam ellar spacing data 

com piled from these investigations are shown in Figure 18, which plots interlamellar 

spacing as a function o f V ' v\  As suggested by eutectic growth theory which predicts
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Figure 18. Interlam ellar spacing o f the Al-Zn eutectic 
as a function of V 'l/2.
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A.°cV‘ v\  a linear 

relationship is expected 

in this plot. However, it 

seems that the data is 

better represented by the 

relationship A.°cV‘ y\  as 

shown in Figure 19. As 

discussed in the section 

on "Eutectic Growth:

Interlam ellar Spacing and 

Interface Undercooling", the predicted theoretical relationship between interlam ellar 

spacing and growth rate assumes that growth occurs as the extrenum  condition, and 

this assum ption m ay not be valid for a  given alloy system and set o f  solidification 

conditions. It can therefore be said that the Al-Zn eutectic does not grow exclusively 

at the extrenum  condition, at least for the solidification conditions used in the cited 

studies.

0 0.6 1.2 1.8
G rowth Rate (microns/second) A -1/3

Figure 19. Interlam ellar spacing o f the Al-Zn eutectic 
as a function o f V 1/3.
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Hot-Dip GALFAN Coatings

Coating Properties

As a hot dipped Zn-based coating containing approximately 5wt%  Al and up to

0.10%  mischmetal (see Table II), Galfan offers excellent corrosion resistance,

formability, paintability, and cathodic edge protection (Radtke and Herrschaft, 1983)

(M akim attila, 1986) (Roman, 1989) (M athieu et al., 1991). Form ability, which is

superior to that o f conventional galvanized steel sheet and wire, can  be attributed to

the absence or lim ited formation of a brittle intermetallic layer at the coating/substrate

Table II. GALFAN alloy ingot chemical requirements, in weight percent, 
according to ASTM B750-85.

Al Ce+La Fe Si Pb Cd Sn Other Zn

4.7- 0.03- 0.075 0.015 0.005 0.005 0.002 0.04 bal
6.2 0.10 max max max max max max

interface, and the ductile nature o f the eutectic structure typical to  the coating (Radtke 

and Herrschaft, 1983) (M akimattila, 1986) (Roman, 1989) (M athieu et al., 1991)

(Lam berigts et al., 1991). The m ischm etal additions (Ce and La) increase the fluidity 

and wettability o f the Galfan bath, and enhance the intergranular corrosion resistance 

o f the coating. A lthough there are numerous uses for Galfan and the demand for this 

coating continues to increase, (Rom an and Lynch, 1989) Galfan m ay not be suitable 

for some applications which have stringent surface requirements because the coating 

often contains small surface depressions. The factors which contribute to the 

sm oothness o f  the coating rem ain unclear, but the problem has been associated with 

grain boundaries and has been found to be affected by solidification conditions
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(Lam berigts et al., 1990).

D enting in G A LFA N  Coatings

G ALFAN coatings are often characterized by dents which can be as deep as 20 

m icrons. The resulting rough surface appearance often renders the coating im proper 

for m any applications. This problem has been thought to be associated w ith the Zn-Al 

eutectic lam ellar morphology, with dents occurring at the junction o f differently 

oriented eutectic cells. In addition, preliminary experim ents at Lehigh (M arder, 1992) 

indicate that the denting problem  is related to solidification shrinkage and cracking, 

w ith possible contributions from impurity segregation. D enting has been observed at 

alum inum  concentrations o f  4.0-7.0 wt%  and quantified w ith the use o f m echanical 

scanning m icroscopy and Fourier-m odified measurement techniques. Roughness has 

been found, however, to be most severe at the eutectic com position (Hirose, 1985).

Past efforts to remedy the denting problem  have included (1) reductions in alum inum  

concentration, and (2) increased coating solidification rates. By the form er m ethod, 

large zinc-rich particles form  across the coating thickness and the eutectic morphology 

form ation is therefore lim ited (Lam berigts e t al., 1991). A lthough the depth o f  denting 

can be slightly decreased by this method, the resulting coating may possess inadequate 

corrosion resistance in humid environm ents and suffer a considerable reduction in 

ductility when com pared to  eutectic GALFAN. By the second method, i.e. increased 

solidification rates, the zinc-rich globules typical to GALFAN coatings are sm aller and 

m ore num erous, and act to inhibit interlam ellar dent formation. In addition, the
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interlam ellar spacing o f  the eutectic morphology and the subsequent susceptibility to 

denting is decreased at higher cooling rates. M oderate reductions in dent depths have 

been attained by this technique but the number o f dents were increased by as much as 

10-fold.

In addition to altering solidification conditions, the use of IF steel as GALFAN 

substrate m aterial has been suggested to reduce the depth o f  interlam ellar denting 

(Lam berigts e t al., 1991) (Mathieu et al., 1991). The resulting dents are much more 

shallow  than those achieved by the two techniques discussed above. Dent depths are 

reduced by up to 50% when compared to those found when traditional ELC steel is 

used as substrate. The cause o f dent depth reduction is not clear, but is thought to be 

associated w ith coating/substrate interactions. Although these findings seem 

prom ising, a m ore recent investigation (Lamberigts and Leroy, 1992) has shown that 

there is no apparent effect o f the steel composition on surface denting when com paring 

IF  and ELC steel substrates. Instead, surface roughness was found to be weakly 

related to G A LFAN dip temperature.

Solidification Process and Surface Defects

The GALFAN solidification process can be envisioned by inspection o f the 

coating surface. W hen etched to reveal the dendritic structure of the proeutectic zinc, 

it is seen that som e of these dendrites serve as nucleation sites for the eutectic nodules 

(Figure 20). The rem aining dendrites exist within eutectic nodules, and are 

encom passed by eutectic cells which grow around them.
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W h en  the coa ting  su rface  is o b se rv ed  w ith  b rig h tf ie ld  illum in a tio n , d en ts  seem  

to  b e  a rran g ed  at g rain  b o u n d aries  as in d ica ted  in F ig u re  21. S u ch  den ts w ere  found  

by  laser scan n in g  m icroscopy  techn iques to  be ty p ica lly  1 0 -15pm  deep  re la tiv e  to  the 

h ig h est ad jacen t po in ts  on  the coa ting  su rface. It sh o u ld  be no ted , how ever, th a t the 

d ep th  o f  su ch  den ts w ill be obv io u sly  d ep en d en t on  the  th ick n ess  o f  the co a tin g , since 

a d en t can n o t be deep er than  the th ickness o f  the co a tin g  itself. It can  be co n c lu d ed  

by  in sp ec tio n  o f  F igu res 20  an d  21 that d en ting  o ccu rs  on ly  at eu tec tic  nodu le  

b o u n d aries  and  trip le  points. O ne such  a rea  is show n  in  F igure  22, w hich  sh o w s a 

dep ressio n  at the trip le  po in t, an d  w hat ap p ea r to be  c rack s ex ten d in g  along  the 

b o u n d aries  o f  the ad jo in ing  

nodu les. A  h ig h er m agn ifica tion  

trip le  po in t im age (F igure 23) 

fu rth e r  su p p o rts  these 

observ a tio n s.

Figure 20. E tch ed  su rface  G a lfan  s truc tu re . 
In d ica ted  p ro eu tec tic  z inc d endrite  has se rv ed  as a 
eu tec tic  nuc lea tion  site.
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F igure 21. G alfan  su rface  appearance  as 
ob se rv ed  w ith  s te reo m ic ro sco p y  an d  b rig h tfie ld  
illum in a tio n . D en ts  are  ind ica ted .

F igure 22 . S u rface  d ep ressio n  (A ) at trip le  p o in t 
and  asso c ia ted  c rack s  (B ) a long  gra in  b o u n d aries  
on  G a lfan  surface.
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Figure 23. H igh magnification m icrograph o f  a 
dented triple point and grain boundary cracks on 
Galfan surface.

Zn-5%A1-Mischmetal Alloy Solidification

There have been some interesting correlations between the surface defects 

found in Galfan coatings and those produced from  the solidification o f Galfan alloy 

(Zn-5% A l-m ischm etal) in the absence o f a reactive substrate (Bluni and M arder,

1993). The first is that cracking at eutectic nodule junctions and the denting at triple 

points as som etim es found in commercial Galfan were successfully simulated. These 

phenom ena can be seen in Figures 24 and 25, respectively. Because o f  these findings, 

it can be concluded that surface depressions may be influenced by, but are not a direct 

result of, substrate interactions. Therefore, the fundamental cause(s) o f denting m ust
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be associated w ith the solidification o f  the alloy, regardless of whether it is applied as 

a steel sheet coating. The second finding is that impurity particles were often 

observed adjacent to nodule boundaries, as can be seen in Figure 26. These impurities 

were identified as lead by EDS techniques; no other impurities could be detected in 

these regions. The presence of these particles at nodule boundaries can be explained 

by the lim ited solubility o f  Pb in Zn and the monotectic transform ation in the Zn-Pb 

system  (Figure 27). H ence during the solidification process, Pb will be continuously 

rejected into the melt resulting in the segregation of impurity-rich, low melting point 

m aterial to grain boundaries.

Since Pb segregation was found for the Zn-5% Al-mischmetal alloy, the EPMA 

was used to determ ine the Pb concentration across a surface region o f commercial 

Galfan. The results are show n in Figure 28, which presents a micrograph o f the 

coating surface used for analysis and a  plot o f the resultant Pb concentration data.

The line superim posed on the micrograph represents the path over which concentration 

data was obtained, in 1pm intervals. By comparing the coating microstructure with 

the plot, which is drawn to  scale, it can be seen that the Pb concentration at the triple 

point (indicated as "A") is approximately 0.3wt% , or 60 times the maximum allowable 

concentration as designated by ASTM B750 (see Table II). O ther Pb concentration 

spikes are noted at prim ary Zn dendrite boundaries (indicated as "B"), also due to the 

lim ited solubility of Pb in Zn.
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Figure 24. Cracking at a eutectic nodule 
boundary in Zn-5% Al-mischmetal alloy.

Figure 25. Surface depression at a triple point on 
Zn-5% Al-mischmetal alloy.
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Figure 26. Lead segregation to eutectic nodule 
boundaries in Zn-5% Al-mischmetal alloy.
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Figure 27. The Zn-Pb equilibrium  phase diagram.
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0.0

Figure 28. Polished Galfan surface (top) and Pb concentration profile (bottom). The 
line on the m icrograph represents the path o f EPM A analysis. (A=triple point; B= 
prim ary Zn dendrite)

Mechanism for dent/crack formation in commercial Galfan coatings

U sing the inform ation obtained from  the com m ercial Galfan characterization 

and the Zn-5% A l-m ischm etal solidification study, a m echanism  for denting/cracking is 

proposed as schem atically illustrated in Figure 29. During the solidification process, 

the liquid m etal is quickly consumed due to the relatively large volum e changes
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associated w ith the solidification of Zn and Al (4.7% and 6.5%, respectively). As a 

result, there will be a shortage o f liquid between two (or three) adjacent growing 

eutectic nodules and upon impingement, the interface will be subsequently curved 

creating a surface depression. The dents often observed in Galfan are attributed to this 

phenom enon. In addition, because impurities such as Pb are continuously rejected into 

the m elt during the solidification process, the resulting grain boundary areas should 

therefore be im purity-rich and weak in comparison to the bulk coating. W hen stresses 

are induced from shrinkage due to any further solidification and/or cooling, cracking 

will occur w ithin these weakened grain boundaries. The occurrence o f shrinkage 

cavities, cracks, and impurity segregation at grain boundaries in commercial Galfan 

can be seen in Figures 21, 23, and 28, respectively.
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Impurity Segregation and Solidification Defects

During alloy solidification, any impurities which are not soluble in the newly 

form ing solid are rejected into the liquid ahead o f the growth front. As discussed in 

the section, "The Lamellar-Rod Transition", such impurity rejection may result in a 

transition from  a planar to a cellular solidification front, any may further induce a 

transition in eutectic morphology from lamellae to rods. One further im plication of 

im purity rejection is the resulting grain boundary segregation which occurs either at 

the edges o f  cells or grains that grow adjacent to each other, or at interfaces which 

impinge upon each other.

The segregation o f impurities to grain boundaries may or may not have adverse 

effects on the bulk alloy properties, but it can result in solidification cracking, or "hot" 

cracking, as often discussed in the welding literature. A lthough most o f the research 

on this topic has been conducted with stainless steels, solidification cracking can occur 

in any alloy system  as long as i) impurity-rich, low m elting point material exists at 

grain boundaries, and ii) tensile stresses result from  the solidification and/or cooling 

process. W hen low melting point material accumulates at the grain boundaries, it 

rem ains as a liquid at temperatures well below the alloy solidification point. This 

allows contraction stresses to substantially increase before solidification o f the grain 

boundary material can take place. Eventually, the strain across adjacent grains 

becom es great enough to rupture the grain boundary material (Davies and Garland, 

1975). This process is somewhat dependant on grain size (Davies and Garland, 1975); 

as grain size increases, the solute or impurity-rich boundary layers ahead of advancing
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solidification fronts increase in thickness. The result is wider intergranular regions 

w hich are m ore susceptible to solidification cracks.

In addition to hot cracking, an additional possible defect brought about by the 

solidification process is shrinkage cavity formation. This is sim ply due to the 

volum etric contractions associated w ith the transformation o f the bulk alloy from  the 

liquid to the solid state (Davies and Garland, 1975). Like solidification cracking, 

cavity  form ation has been associated with stainless steels (Kujanpaa, 1984), but it can 

occur in any alloy where there is a large negative volume change upon solidification.

One or both o f the above m entioned solidification defects may contribute to the 

denting problem  in GALFAN coatings. To determine this with certainty, controlled 

experim ents involving the Al-Zn solidification process and the effects o f  impurities 

m ust be conducted.
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EX PERIM EN TA L PRO CED U RES

Al-Zn Alloy Fabrication

M aster alloy ingots o f  eutectic and off-eutectic A l-Z n alloys were m ade by 

com bining raw m aterials into 4m m  ID  x  6mm OD quartz tubes. The raw  m aterials 

w ere in  the form  o f  l-3m m  Zn shot (99.9999%  purity) and 1.0m m  diam eter A1 wire 

(99.999%  purity), both  obtained from  AESAR/Johnson M atthey. Once weighed to a 

specific alloy com position, the elements were encapsulated into the above m entioned 

tubes by evacuating to <  50 m illitorr and backfilling w ith pure argon. Each 

encapsulation typically contained 2-5g o f  raw m aterials. A fter encapsulation, the 

alloys w ere placed in  a convection furnace at 4 5 0 °C such that the Zn shot melted and 

surrounded the A1 w ire pieces, resulting in a compact specimen. To com plete melting 

and ensure solute hom ogenization, encapsulations w ere either heated to above 700°C  

and physically shaken during solidification, o r re-m elted w ith the use o f an induction 

furnace. All alloy ingots w ere subsequently weighed to quantify any Z n evaporation 

which may have taken place during melting procedures, and a sam ple population o f 

these ingots w as m etallographically exam ined before test procedures in order to 

observe resultant m icrostructures and detect any alloy inhomogeneities.

DSC Sample Preparation & Analysis

M aster alloy ingots containing 92-98wt% Zn in  1 wt% increm ents w ere 

sectioned into 50/zm discs using a low-speed saw and diam ond-im pregnated copper
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cutting w heel. Additional alloys made and sectioned into samples contained 94.5w t%  

and 95.5w t%  Zn. Sim ilar to a previously developed technique (Sutliff, 1990), these 

discs w ere melted on a hot plate between two glass m icroscope slides and "squeezed" 

to form  a  thin, sm ooth film. Using this film , a Gatan disc punch was used to m ake 

3m m  diam eter samples which typically w eighed 3-15mg and were used for differential 

scanning calorim etry (DSC) analysis. Glass discs o f  the same diam eter were m ade 

from  cover slips using a G atan ultrasonic cutter. As shown in Figure 30, each alloy 

sam ple was placed between two of these glass discs during the DSC m elting and 

solidification procedure in order to avoid i) interactions betw een the sam ple and the 

A1 pan, and ii) Zn evaporation.

Sample pan Reference pan

Glass discs

Sample

F ig u re  30. Sample configuration in DSC measuring 
cell.
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During analysis, a M ettler differential scanning calorim eter was used to heat 

the samples into the liquid phase, hold for a period o f tim e, and cool at rates varying 

from  1 to 80 K/m inute. The hold tim es were sufficient to ensure hom ogeneity in  the 

liquid prior to cooling. F o r exam ple, hold times were typically as long as 6 m inutes, 

w hich according to a diffusion coefficient o f 2 .04E-9 m/s2 (Liu and Jones, 1992), 

w ould allow a solute atom to m igrate approximately 860/xm. Since preexisting 

proeutectic dendrites in the as-cast samples for all compositions were m easured to be 

on the order o f tens o f microns in size, the hold times are considered justified . The 

D SC was periodically calibrated, and on each occasion that the DSC w as used for 

analysis, the solidification tem perature o f a pure Z n  sample was determ ined by 

cooling at 1 K /m in so to m easure any offset tem perature by which to adjust the data 

o f that day. To ensure reproducible results, no few er than 3 samples o f  each 

com position and cooling rate were used to compile DSC data.

The DSC was used to obtain solidification tem peratures and therm odynam ic 

data for eutectic and off-eutectic A l-Zn alloys. H ere, the difference in tem perature is 

m onitored between an empty reference sample holder and a sample holder containing 

the sam ple to be analyzed (Figure 30) as the heat input to the m easuring cell is 

controlled by a predetem ined linear tem perature program . As shown in F igure 31 for 

the case o f solidification, the tem peratures o f the reference (Tr) and the sam ple (Ts) 

necessarily lag behind that o f the furnace (Tc) to perm it a heat flow from  the 

reference and sample. A t the solidification tem perature (Tr) there will be a significant 

AT between the reference and sample due to the associated heat o f fusion.
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F ig u re  31. DSC tem perature profiles during cooling and sample 
solidification.

The actual ouput from  the DSC cell is a graphical m easurem ent o f heat flow  to or 

from  the sam ple, w hich is related to both the tem perature difference betw een the 

sample and reference and the therm al resistance o f the solid-state connection between 

the tw o. An exam ple o f a DSC trace obtained for the solidification of an  off-eutectic 

A l-Zn alloy is shown in Figure 32, which illustrates the heat flow  associated w ith the 

solidification o f proeutectic and eutectic from  the liquid phase. As is well know n in 

therm al analysis (Brown, 1988), the transition tem perature, o r nucleation tem perature 

in this case, is determ ined by the intersection o f the trace baseline and the tangent of 

transform ation curve. This procedure is shown graphically in F igure 33. In  addition
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to tranform ation tem peratures, the heat o f  reaction can be determined from  a DSC 

trace, since in general,

A H = f aH d t  
J t i

w here H ' is the heat flow and t l  and t2 and the transform ation start and end times, 

respectively. Since the cooling rate is a constant during a DSC experim ent, say 1 

K /m in, Figures 32 and 33 could be graphed as heat flow as a function o f  tim e, and 

the heat o f  reaction could be determ ined by calculating the area under the curve for a 

given transform ation. For the thermodynamic data reported in this study, the heats o f 

reactions were determ ined by using the trapezoidal rule with DSC output. The error 

o f  this m ethod was calculated to be <  1 % when com pared to the data com puted by 

the DSC unit.

It should be  noted that the data produced by cooling at rates greater than 

2 0 °C /m in  could not be used fo r analysis, since an  appreciable lag can be expected 

betw een the reported and actual sample temperatures at these rates for the DSC 

system  em ployed. However, the samples produced at these high cooling rates were 

useful in obtaining m icrostructural information.

Directional Solidification Sample Preparation & Analysis

Pure A l-Zn alloys containing 92-98wt% in lw t%  Zn increments, as well as 

alloys containing 94.5w t%  and 95.5wt%  Zn, were encapsulated into 4m m  ID  x 6mm 

OD quartz tubing in the same m anner as described above for the DSC samples. In
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this case, how ever, directional solidification directly followed encapsulation w ithout 

any further sample preparation. To examine the effects o f growth rate and liquid 

tem perature gradient on the resulting m icrostructure of these sam ples, a zone refining 

unit was used fo r unidirectional solidification experiments. This apparatus is 

schem atically illustrated in F igure 34. During an experim ent, the heating coil 

rem ained at some constant tem perature above the sample melting point and m oved at 

a constant rate while the specimen 

w hich m oved along the length o f  

a sam ple at a constant rate.

A fter traversing a predeterm ined 

distance, samples were quenched 

in a w ater bath to preserve the 

solid/liquid interface for 

subsequent inspection.

Before samples were 

tested at a given set o f  growth 

conditions (velocity and 

tem perature gradient in  the 

liquid), the system was calibrated 

w ith a pure zinc specimen 

containing an inserted 

therm ocouple w ithin an alum ina sheath. By logging the tem perature profile at a fixed
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F ig u re  34. Zone refining apparatus used fo r 
directional solidification experim ents.
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location w ith a strip chart recorder during test conditions, the m axim um  tem perature 

and the liquid tem perature gradient w ere determined fo r all sets o f  testing conditions. 

In  addition, the traverse rate o f  the zone refiner was calibrated prior to any 

experimental testing, yielding an exact linear relationship w ith the unit speed setting, 

thus giving confidence that the traverse rate remained constant during experim ental 

procedures.

Metallographic Analysis Procedures

F or m etallographic inspection, samples were m ounted in cold-setting epoxide 

and polished using the following steps: 600-grit silicon carbide paper, 6/im  diam ond 

paste, 0 .3 /un  alumina slurry, and colloidal silica. Polishing o f  the DSC samples was 

often difficult since these discs were on the order o f tens o f  m icrons in thickness, and 

re-polishing after problem s such as contam inant scratches and overetching was usually 

impossible without rem oving the entire sample. The etchant used to reveal the 

eutectic m icrostructure was diluted HC1, with 1-2 parts H 20  p e r 1 part HC1.

Quantitative m icrostructural inform ation was obtained w ith the use o f m anual 

and autom ated image analysis techniques. Manual image analysis consisted o f the use 

o f a Donsanto digitizing pad in conjunction with a N ikon Photophot light optical 

microscope. Autom ated image analysis refers to the use o f  a LEC O  2001 system  in 

conjunction w ith a N ikon Photophot light optical m icroscope and an Olympus 

stereom icroscope. T he typical num ber o f  data points taken fo r various m easurem ents 

is sum m arized in Table III. W hen data is reported throughout this thesis as x ±  y, x
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and y represent an average value and one standard deviation, respectively. Details on 

analysis techniques for specific measurements are given as follows:

T ab le  I I I . M etallographic analysis technique summary.

M easu rem en t T ypical it o f d a ta  points 

tak en

D ata  collection m ethod

Area%  proeutectic phase 10 fields @ 200x automated image 

analysis; point counting 

method

Interlam ellar spacing 10 manual image analysis

Halo width 10-20 manual image analysis

Area% eutectic phases 10 fields @ 200-1000x automated image analysis

Area%  proeutectic phase

The area% o f the proeutectic phases for D SC and directionally solidified 

samples were determined by automated image analysis techniques, w herein 

approxim ately 10 image fields at 200x magnification w ere measured per 

sample. W hen samples were stained due to etching procedures, the area% 

proeutectic phase was manually measured by observing the m icrostructure with 

a superimposed 100-point grid and counting the number o f proeutectic
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intercepts. A pproxim ately 10 image fields at 200x m agnification were used in 

this procedure.

Interlam ellar spacing. X

The eutectic interlam ellar spacing was determined by superim posing a line o f 

know n length in a direction normal to the lamellar direction, and counting the 

num ber o f lam ellar intercepts. For DSC samples, the m inim um  apparent 

spacing, which is considered to be the "true" lam ellar spacing as lamellae in 

this case are oriented normal to the plane o f viewing, was m easured in various 

sam ple regions to yield an average value o f  X. F or directionally solidified 

sam ples, the m inim um  apparent spacing at 2m m  intervals along the grow th 

direction was m easured. The average X values reported for all samples is 

therefore an average minimum spacing o f usually no less than 10 

m easurem ents.

Halo w idth

Zinc halo widths around proeutectic aluminum dendrites w ere determ ined by 

m easuring the distance from the dendrite to the outer halo boundary in at least 

two locations per halo. Typically, no less than 10 halos per sample w ere 

m easured.
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Area%  eutectic phases

Based on  grey-level differentiation, autom ated image analysis techniques were 

used to  determ ine the relative am ounts o f  eutectic phases w ithin the eutectic 

structure. A pproxim ately 10 fields o f view at m agnifications o f 200-1000x 

w ere analyzed per sample for this purpose.
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RESULTS & DISCUSSION

Master Alloy Analysis

A fter melting procedures, all alloy ingots were w eighed and som e were 

m etallographically inspected in order to determ ine any changes in i) bulk com position 

due to zinc evaporation, and ii) compositional variations along a casting length. 

W eight measurements indicate that losses were typically not greater than 20m g, and at 

a m axim um , corresponded to a com positional change in zinc weight percent o f 0.035. 

The change in ingot com position due to zinc evaporation is therefore considered to be 

minim al and inconsequential for subsequent use o f these alloys.

In order to determine the extent o f solute inhom ogeneities along a casting 

length, the area% primary phase was measured at 5m m  intervals using quantitative 

image analysis (QIA) techniques. From  these data, theoretical com positions w ere 

calculated based on the equilibrium  phase diagram so that the solute distribution could 

be determined. For example, the areas exam ined in the ingot containing 4.005w t%  A1 

were found to contain a minim um  and m aximum area% t] dendrites o f 22.90%  and 

27.10%  respectively, corresponding to 4.08wt%  and 3.92wt%  A1 according to  the 

phase diagram. The m aximum compositional variation for this ingot is therefore said 

to be 4.08-3.92= 0.16wt%  Al. The largest such variation for all ingots exam ined was 

0.55wt%  Al, and although this value seems large, the data obtained through this 

analysis are inherently liberal given the systematic errors o f QIA techniques. For 

exam ple, the r | lamellae in the eutectic are sometimes included in the m easurem ent of
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proeutectic T) when the lamellar spacing is large. The proeutectic phase measurement 

is therefore dependent on the observable eutectic spacing in a given field o f view. In 

light o f such errors, the solute variation within a the m aster alloy ingots is considered 

to be minimal.
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Differential Scanning Calorimetry Results

The sections to  follow discuss the undercooling associated w ith the nucleation o f  the 

eutectic by the proeutectic A l-Zn phases, and the effects o f the m easured 

undercoolings on eutectic m icrostructure.

Eutectic N ucleation

The proeutectic and eutectic nucleation tem peratures measured by DSC 

perform ed at a 1 K /m in cooling rate is shown graphically in Figure 35. The liquidus 

and eutectic lines, as reproduced from  the published equilibrium  phase diagram  

(M urray, 1983), are also draw n on this graph. Figure 35 clearly shows that non­

reciprocal nucleation behavior is observed for the A l-Zn system. For all samples with 

Z n  concentrations < 9 5 w t% , where Al is the proeutectic phase, an average 

undercooling o f  0 .25°C  below the eutectic tem perature o f  381 .0°C  is required fo r Zn 

nucleation and subsequent eutectic form ation. Conversely at Zn concentrations 

> 9 5 w t% , w here proeutectic Zn exists, an average undercooling o f 4 .0 °C  is 

necessary fo r alum inum  nucleation and subsequent eutectic growth. These 

undercooling values w ere determined by averaging undercooling tem peratures fo r at 

least 14 samples for both hypo- and hypereutectic alloys cooled at 1 K /m in. Although 

the undercooling required for the nucleation of A l by Zn is considered to  be small in 

com parison to other systems where one phase is a  poor nucleant o f  the other, the 

trend show n in Figure 35 is nonetheless reproducible and shows Al to be a better
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nucleant o f Z n  than vice-versa.

The basis for the differences in nucleating abilities for each prim ary phase is 

no t clear, but it has previously been related to the m elting point o f the prim ary phase 

and interfacial energy measurem ents. (Sundquist and M ondolfo, 1961) (Southin and 

C hadw ick, 1978) In consideration o f  F igure 36, it is seen that the solid/liquid 

interfacial energy o f a nucleation catalyst (aCL) can be considered to be part o f the 

driving force fo r solidification, while the solid/liquid interfacial energy o f the 

nucleated solid (aSL) can be considered to be a barrier for nucleation. In o ther words, 

an  increase in aCL would tend to decrease the wetting angle, 0, o f  the nucleated 

em bryo, while an increase in asl would tend to increase 0. It follow s that metals 

w hich have h igh solid/liquid interfacial energies (and high 0’s) are difficult to nucleate 

and w ill tend to be good nucleating agents, and m etals with low solid/liquid interfacial 

energies (low  0’s) will be easy to nucleate and will act as poor nucleating agents. 

Furtherm ore, since elem ents having high melting tem peratures typically have higher 

crSL ’s than elem ents w ith lower m elting tem peratures and equal crystal structures, 

those elem ents w ith higher melting points should be better nucleants than those with 

low er m elting tem peratures (Sundquist and M ondolfo, 1961) (Southin and Chadwick, 

1978).
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F o r the A l-Zn system, the nucleating abilities o f  the prim ary phases cannot be 

directly related to melting points since these elements are o f different crystal 

structures. However, the relationship between interfacial energy and nucleating 

ability does not hold true. aSL can be calculated (Smithells, 1983) (Liu and Jones, 

1992) (Kurz and F isher, 1989) to be 0.101 and 0.127 J/m 2 for A l and Zn, 

respectively. In this case, the element w ith the lower interfacial energy (Al) is the 

better nucleant as shown in F igure 35. As discussed by Southin and Chadwick 

(1978), crystal structure is an important factor in heterogeneous nucleation, but its 

exact influence is not known w ith certainty and is perhaps the influencial factor in the 

atypical nucleation o f Al-Zn alloys.
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In  the sections to follow, the effects o f the non-reciprocal nucleation 

characteristics on off-eutectic A l-Zn m icrostructure are discussed in terms o f Z n  halos 

and eutectic structure.

Z n halos

F or hypoeutectic A l-Zn alloys (> 5 w t%  Al), Z n  halos are typically found 

surrounding Al prim ary dendrites (Figure 37). The origin and significance o f  halos in 

eutectic systems has been examined by many researchers (Spittle, 1977) (Porot et a l., 

1987) (K ofler, 1950) (Sundquist et a l., 1962) (Salli et al., 1975) (Barclay et a l., 1973) 

(Suk et a l., 1992) (Yilmaz and Elliott, 1984). Sundquist et al. (1962), and later Salli 

e t al. (1975), explained the 

form ation o f halos on the basis 

o f  the undercoolings required for 

the nucleation o f prim ary and 

eutectic phases. Given an alloy 

o f  com position C l  as shown in 

F igure 38, proeutectic (3 will 

nucleate from  the liquid at some 

tem perature at o r below the 

liquidus, T l ,  and continue to 

grow  as the tem perature is 

decreased. I f  (3 is a poor

F ig u re  37. Typical hypoeutectic Al-Zn 
m icrostructure. Zn halos around proeutectic Al 
are indicated.
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nucleant o f  a, the liquid com position will follow the metastable liquidus line to a 

tem perature T2, which can be significantly below the eutectic tem perature Te. Upon 

the nucleation o f  a  at T2 and C 2, the remaining liquid is supersaturated in elem ent A, 

and therefore a halo o f a  w ill form  about the prim ary (3 phase in  o rder to bring the 

system back to the eutectic com position, Cc, so that the eutectic can  grow. According 

to  this theory (Sundquist et al, 1962) (Salli et a l., 1975), the size o f  the halo should 

be proportional to the undercooling required for second phase nucleation, and halos 

should exist only w hen the prim ary phase is not a good nucleant o f  the second phase.

In  contrast to the findings o f Sundquist et al. (1962) and Salli e t al. (1975), 

K ofler (1950) found that halos are form ed due to coupled zone argum ents rather than 

undercooling considerations. In a binary system , the coupled zone defines the alloy 

com positions and interface undercoolings at w hich the growth rate o f eutectic exceeds 

that o f  either single phase. W hen outside o f the coupled zone, dendritic grow th o f 

one phase will proceed ahead o f the eutectic grow th front, and the m icrostructure will 

therefore consist o f  both dendrites and eutectic. Thus, as shown in Figure 39 fo r an 

alloy o f  com position C l ,  if  a prim ary phase j3 nucleates the second phase a  a t T2 and 

C 2, a halo o f  a  w ill develop since the system is outside o f the coupled zone. 

Conversely, fo r an alloy o f  com position C3, a halo o f  (3 cannot develop around 

prim ary a  since, regardless o f  the undercooling required for nucleation o f the second 

phase, the system will be w ithin the coupled zone. O ther studies involving 

unidirectional solidification experim ents (Gigliotti e t a l., 1970) (Barclay et a l., 1973) 

(Suk et a l., 1992) (Y ilm az and Elliott, 1984) agreed with K ofler in  that halo
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form ation is explained in term s of the grow th rates o f  phases at certain tem peratures 

and com positions. The coupled zone o f grow th for eutectic systems therefore seems 

to be o f  critical importance in predicting which systems will have halos o f  one or both 

phases.

Because Zn halos were found for DSC samples which do not undergo 

unidirectional solidification, the theories for halo developm ent based on  com petitive 

grow th argum ents cannot be directly applied to explain the form ation o f Zn halos 

around Al proeutectic phase. Furtherm ore, since the coupled zone o f grow th m ust 

contain the eutectic point itself, it seems unlikely that the slight undercooling o f 

0 .2 5 °C  required for the nucleation o f the Zn halo by Al would be sufficient to have 

the system  pass through the coupled zone region even if the zone was skewed to the 

A l-rich side o f  the eutectic. The results o f  this study are also in  disagreem ent w ith 

the theories fo r halo form ation which are based on solute enrichm ent in the liquid 

(Sundquist et a l., 1962) (Salli et al, 1975). The 0 .2 5 °C  extension o f the A l liquidus 

line below  the eutectic point represents a very small undercooling fo r the nucleation 

o f Zn by Al, and halo form ation is therefore not necessary to bring the liquid 

com position back to eutectic. In  addition, halo w idths were found to be inversely 

related to cooling rate (Figure 40), but not w ith any specific functional relationship. 

This is contrary to the predictions o f Sundquist et al. (1962) and Salli e t al. (1975), 

since according to these theories, a higher undercooling below the eutectic, w hich can 

be expected by a faster cooling rate, should result in more solute enrichm ent in the 

liquid, and hence, a larger halo. Rather, it seems that the size o f  the halo is limited

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Te
T2

ClC2 Ce 
Composition (%B—►)

F ig u re  38. Hypothetical phase diagram  showing 0 as a poor nucleant
o f a.

T1

T3

T4
T2

Q.

C3 C2 C4 
Composition (%B—*0

Cl

F ig u re  39. Hypothetical phase diagram showing zone o f coupled 
grow th, wherein halos o f  j3 around proeutectic a  cannot develop.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



by the grow th rate o f  Zn and the tim e necessary to reach the tem perature at w hich Zn 

will nucleate Al.

Based on the observations mentioned above, it is proposed that nucleation 

phenom ena, rather than growth considerations, control halo form ation. The halo is 

thought to result from  the fact that Zn is a poorer nucleant o f Al than vice versa, as 

shown in Figure 35. Just as the proeutectic Zn phase requires an undercooling below 

the eutectic tem perature to nucleate Al, the Zn halo will also grow to some 

undercooling before Al nucleation and steady-state grow th can occur. This is 

evidenced by the differences in the DSC eutectic peaks fo r A l-rich (< 9 5 w t%  Zn) and 

Zn-rich (> 9 5 w t%  Zn) alloys, shown in Figures 41 and 42 respectively. As shown in 

these graphs, the eutectic peak fo r a typical hypoeutectic alloy is w ider than that for a 

typical hypereutectic alloy because there are two nucleation events w ithin the 

hypoeutectic peak: i) the nucleation o f the Zn halo by the Al proeutectic phase, and 

ii) the nucleation o f A l lamellae on the Zn halo. W hile the average eutectic peak 

w idth for hypoeutectic alloys cooled at 1 K /m in was 1 .5°C  (standard deviation =  

0 .2 °C ), the width for hypereutectic alloys w ere negative in value due to  the 

tem perature increase resulting from  the eutectic heat o f fusion (see F igure 42). 

A lthough these two separate events are not discem able from  the "eutectic peak" in 

F igure 41, it can be generally stated that the nucleation o f the Zn halo occurs at the 

onset tem perature, and "true" eutectic nucleation (after which cooperative eutectic 

grow th can ensue) occurs at some temperature less than 1 .5°C  below said onset 

tem perature.
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Interlam ellar Spacing

As originally put forth  by Jackson and H unt (1966), the total undercooling 

during m etallic eutectic grow th can be expressed as follows:

A T  = A Tc + A Tr , (8)

where ATC and ATr are the undercoolings due to solute diffusion and interface 

curvature considerations, respectively. From  equation (1), and equation w hich relates

interlam ellar spacing (X) and growth rate (V) can be derived as

X2V  = ^  , (13)

where IQ and Kr are solute and curvature constants, respectively. Assuming grow th 

to occur under extrenum  conditions, where the undercooling is a m inim um  for a given 

grow th rate,

= o , (11)
dX

and therefore,

X

Solving fo r V and substituting into equation (2) yields

A T  = K X V  + —  . (10)

A T

Kr is defined as

79

2 K rATX = 2 Kr ; X = — - . (36)
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w here f  is the volum e fraction o f second phase in the eutectic, m  is the liquidus slope, 

T is the G ibbs-Thom son coefficient, and 0 is the lam ellar angle for phases a  and (3. 

The values used for these variables were either experim entally determ ined o r taken 

from  the literature, and are listed in Table IV . By solving for Kr, equation (10) can 

be used to predict X as a function o f AT. As shown in F igure 43, the interlam ellar 

spacing for the A l-Zn eutectic is very sensitive to  small changes in undercooling 

("theory" curve), and the measured X values for alloys cooled at 1 K /m in  are  in good 

agreem ent w ith theory. The differences in eutectic nucleation tem peratures as show n 

in F igure 35 therefore results in a significant difference in the eutectic structure for 

hypo- (< 9 5 w t%  Zn) and hypereutectic (> 9 5 w t%  Zn) alloys. Because the 

undercooling required fo r second phase nucleation is greater fo r hypereutectic alloys, 

the eutectic structure is notably finer. The agreem ent betw een experim ent and theory 

as show n in F igure 43 provides m icrostructural confirm ation fo r the m easured 

undercooling values. It should be mentioned here that, as previously discussed, the 

exact eutectic nucleation tem perature fo r A l-rich alloys is not know n w ith absolute 

certainty because the DSC eutectic peak for these alloys also contains zinc halo 

nucleation and grow th (Figure 41). However, because the m ass o f  liquid w hich 

transform s to eutectic far exceeds the mass o f  liquid w hich transform s into zinc halos, 

it seems likely that the eutectic transform ation results in the peak heat flow  o f  the 

eutectic D SC peak. The eutectic tem perature for hypoeutectic A l-Zn alloys can
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therefore be said to be som e temperature greater than the tem perature associated w ith 

the peak heat flow , w hich is typically about 1°C less than the eutectic peak onset 

tem perature. In  light o f  this discussion, the correlation betw een m easured X and 

theory show n in F igure 43 remains valid.

T ab le  IV . Values used to calculate K r.

Param eter Value

f 0.28

m A l -8 .0  K/wt%

m Z n 10.16 K/wt%

rA> 9 .0  E - 8 m K

rz„ 1.1 E - 7 m K

9 00 o 0

As show n in F igure 44, the difference in interlam ellar spacing w hen 

com paring hypo- and hypereutectic alloys decreases with an increased cooling rate. 

Som e data points are missing in this graph since, for alloys containing 92 and 93wt% 

Zn, only a rod eutectic structure formed at higher cooling rates. Because for 

hypereutectic alloys eutectic nucleation occurs at an  undercooling o f a t least 3°C  for 

all cooling rates, large differences in undercooling at undercoolings in  excess o f  3°C  

w ill result in only small changes in X as shown in Figure 43. The interlam ellar 

spacing values for alloys containing > 95w t%  Zn therefore change m inim ally for 

cooling rates > 5  K /m in. F or hypoeutectic alloys, however, eutectic nucleation 

occurs at very small undercoolings at low cooling rates, and consequently, any small 

increases in  undercooling due to an increased cooling rate results in a large decrease
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in X due to the large negative slopein the X-AT curve (Figure 43) a t low AT values.

In  quantitative term s, the difference in X for hypo- and hypereutectic alloys can be up 

to 3f*m (a 7-fold difference) w hen the cooling rate is 1 K /m in, while it is only 0.3/nm 

(a 2-fold difference) at a cooling rate o f 80 K /m in.

Volum e Fraction o f  Second Phase in Eutectic and Eutectic M orphology

Because o f the depressed eutectic tem perature fo r alloys containing > 95 w t%  

Zn, the volume fraction o f each phase in the eutectic structure is consequently altered. 

A  4°C  extension o f the Zn liquidus below the 381 °C eutectic tem perature results in a 

shift in the eutectic com position from  95wt% to approximately 94wt%  Zn. By using 

the lever rule, one can expect the volum e fraction of the Al phase in the eutectic to 

therefore increase from  0.28 to 0 .35. O n the other hand, no significant change in the 

volum e fraction o f the A l phase is expected fo r hypoeutectic alloys, since an 

undercooling o f only 0.25 °C  was required for eutectic nucleation. In  good agreem ent 

w ith predicted values, the m easured area fraction of the Al phase in the eutectic as 

determ ined via automated image analysis was found to be an average o f 0 .26 

(standard deviation =  0 .03) and 0 .40  (standard deviation =  0.05) for hypo- and 

hypereutectic alloys, respectively. Like the measured X values, the area fraction data 

provide m icrostructural confirm ation o f the measured AT values.

The difference in the volume fraction o f  the m inor (Al) phase in the eutectic 

results in a difference in eutectic morphology. Typical m icrostructures for all alloys 

cooled at 1 K /m in are shown in Figure 45a-g. Although the eutectic structure fo r

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



alloys containing > 9 5 w t%  Z n is strictly lamellar, the structure for hypoeutectic 

alloys consists o f rods, o r rods and lamellae. Follow ing the discussion o f Cooksey et 

al. (1964) on eutectic m orphology, this difference can be explained through interfacial 

energy argum ents. The length o f the interface surface per un it cross section in a 

lam ellar m orphology is independent o f the relative thicknesses o f the lamellae and is 

directly  proportional to 2/X. For a rod structure, how ever, the interphase surface 

area is dependent on the relative volume fractions o f the two eutectic phases. Based 

on Figure 46, the num ber o f cross-sectional "triangles" resulting from  rod form ation 

is 4A/3A2, with each triangle containing an interfacial length o f  7rr. The interfacial 

length is therefore 4irrA^3X2, and substituting fo r r, it is calculated to be 3 .816F 1,2/A, 

w here F  is the volum e fraction  o f the m inor phase. The surface energy associated 

w ith rod and lam ellar grow th is therefore as shown in Figure 47 is expected at low F 

values (< 0 .2 8 ) ,  whereas for higher F values, a lam ellar m orphology is predicted. 

This analysis provides rationale for the lamellar structure found in hypereutectic 

alloys (> 9 5 w t%  Zn, fo r w hich F = 0 .4 0 )  and the rod structure observed for 

hypoeutectic alloys (< 9 5 w t%  Zn, for which F = 0 .2 6 ) . The volum e fraction 

m easurem ent for hypoeutectic alloys was so close to the transition point that the 

presence o f a mixed rod/lam ellar structure was not surprising.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 45a.

100pm

Figure 45b.

100pm

Figure 45. Typical micro structures for Al-Zn alloys cooled at 1 K/min: (a-g 

correspond to 92-98wt% Zn, respectively).
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Figure 45c.

100pm

Figure 45d.

100|im

Figure 45. Typical m icrostructures for Al-Zn alloys cooled at 1 K/min: (a-g 

correspond to 92-98wt% Zn, respectively).
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Figure 45e.

lOOpm

Figure 45f.

100pm

Figure 45. Typical m icrostructures for Al-Zn alloys cooled at 1 K/min: (a-g 

correspond to 92-98wt%  Zn, respectively).
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Figure 45g. Typical m icrostructure fo r 2wt%Al- 
98wt% Zn alloy cooled at 1 K/min.

Figure 46. Cross-sections o f  a) rod, and b) lam ellar eutectic morphologies.
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Figure 47. Surface energy produced by rod  and lam ellar eutectic growth, as a function 

o f volume percent second phase (after Cooksey et al., 1964).
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Unidirectional Eutectic Growth

The sections to follow discuss the m icrostructures developed during the unidirectional 

solidification o f A l-Zn eutectic and off-eutectic alloys.

Interlam ellar Spacing

The interlam ellar spacing (X) data collected fo r all directionally solidified 

samples can be seen in Figure 48, which is a plot o f  X as a function o f  grow th rate. 

As expected, the data show a significant drop in X as the grow th rate is increased 

over the order o f  magnitude as shown in the graph. Consistent with the eutectic 

grow th theories o f T iller (1958) and Jackson and H unt (1966), X is shown to  be 

linearly proportional to the inverse square root o f  growth rate in F igure 49. Figure 

49 includes a best fit linear curve determ ined by regression analysis, which in  this 

case, yields an error rate ( r2) o f 0 .94 (this num ber signifies the relative accuracy of 

the curve form ula, where a value o f 1.0 indicates complete or near-com plete 

accuracy; the closer this num ber to 1 .0 , the m ore accurate the curve fit).

As Figure 50 shows, the X data collected in  this study is consistent w ith  data 

reported by other researchers (Chadwick, 1963b) (Cooksey et a ., 1964) (M oore and 

Elliottm  1969) (Livingston et a l., 1970) (Tucek et a l., 1986), who have collectively 

m easured the X fo r A l-Zn eutectic alloys for grow th rates from  about 0 .2-2000 

m icrons/second. A t least one o f these other studies (Cooksey et a l., 1964) contend 

that the X for the A l-Zn eutectic is proportional to inverse cube root, rather than the
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inverse square root, o f growth rate. Indeed, when all o f the data from  all o f  the work 

on the A l-Zn eutectic is considered, the data is found to best fit a relationship

( r = 0 .8 5 )  m ore accurately than a XoeV ' 1/2 relationship ( r = 0 .7 7 ) .  H ow ever, there are 

two points to consider when m aking this judgement: F irst, the data collected for the 

lowest grow th rates will be the least accurate due to the difficulties in m easuring such 

velocities and the fact that sam ples solidified at the lowest grow th rates w ill be the 

ones most affected by small changes in grow th rate. I f  the X data is reconsidered 

w ithout the slowest grow th rate values, which consist o f four (4) points taken at V <  

1.25 m icrons/second by Cooksey et al. (1964), X is found to be m ore accurately 

related to the inverse square roo t o f growth rate. This can be seen by com paring 

Figures 51 and 52, which show X as a function o f  V ' 1/2 ( r = 0 .9 3 )  and V ' 1/3 ( r = 0 .8 9 ) ,  

respectively. The second point is that fitting the X data to V ' 1/3 results in a 

significantly negative y-intercept, o r a negative X value as V - * o o  (Figure 52). 

Theoretically this is not possible, and one must therefore question the physical 

significance o f  relating X to V 1/3 for all growth rates. In  consideration o f  these two 

factors, the A l-Zn eutectic is considered to conform to XocV'1/2.

Com parison o f DSC and DS Results: X

In contrast to the DSC w ork where X was found to be largely dependent on 

alloy com position, X was determ ined to only depend on grow th rate for 

unidirectionally solidified alloys. As can be seen in Figure 53, for which the average 

standard deviation for all data points shown is 0 .10 , X is independent o f alloy
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com position. The difference between alloys solidified in the DSC and those 

directionally solidified regarding the dependence o f X on com position is due to 

nucleation and undercooling considerations. F or the samples solidified in the D SC, 

the proeutectic dendrites served as the eutectic nucleation sites. Thus, as previously 

discussed, the eutectic structure was dependent on the ability o f a proeutectic phase to 

serve as a nucleant for the other respective eutectic phase. W here the proeutectic 

phase was a poor nucleant o f eutectic, as was the case fo r primary zinc dendrites, the 

large undercooling required for eutectic nucleation resulted in a finer lam ellar 

structure when com pared to alloys having alum inum  as the proeutectic phase. For 

directionally solidified alloys, however, eutectic nucleation on preexisting dendrites 

usually does not occur and the growth rate is the prim ary factor which governs 

undercooling, and therefore, X. Theoretically, the undercooling is derived as follows: 

as previously in the background section on "Eutectic Growth:

Interlam ellar Spacing and Interface U ndercooling", the undercooling 

associated w ith an advancing eutectic solid/liquid interface can be 

expressed as (Jackson and H unt 1966):

A T = A Tc + A Tr, (8 )

or

A T = K X V  + — . (10>
X

Since growth is assumed to occur at the m inim um  undercooling for a 

given interlam ellar spacing,
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and therefore,

*c

Solving fo r X and substituting into (10) yields

X2V = (13)

A T  = 2  j K j y ,  (32)

or

A T  = <JV • constant. (33)

Equation (33) shows that, for directionally solidified alloys, the interface undercooling 

will be a direct result o f  the grow th rate. Furtherm ore, as the constants in equation 

(32) can be defined as

K  = 2 (1  -j) | « p | r asin(9tt) + 2:f\ma | r gsin(6 g) ^

andO

K  = K | K i  , _ c ^  (38)
c |m „ | + |m„| 2tzDi a i i p i

where the variables are as previously described, and C ’ is the length o f  the eutectic 

tie-line and D is the diffusion coefficient in the liquid. Using the values listed in 

Table IV (p .81), and C ’ =  15.7wt% and D = 2 .0 4 E -0 9  m /s2 (Liu and Jones, 1992a),
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the theoretical undercooling fo r the A l-Zn eutectic as a function o f  grow th rate can be 

calculated by means o f  equation (32). In order to com pare theory w ith experim ental 

results, the actual undercooling o f  the eutectic interface was estimated by using 

m easured interlam ellar spacing data to calculate the total interface undercooling as the 

sum o f  undercoolings from  solute diffusion and lam ellar curvature effects, where

A T  = KVX  ; A T =  —  . (39>
X

The results can be seen in Figure 54, which shows the predicted and estim ated 

interfacial undercooling as a function o f grow th rate. T he m easured X values used to 

calculate the estim ated undercoolings were average values fo r all alloy com positions 

and fo r each grow th rate used. For all grow th rates considered, the interface 

undercooling estim ation from  m easured X values was consistently greater than that 

predicted by theory (equation 32). Although this difference never exceeds 1°C , it 

does suggest that either the A l-Zn eutectic does not grow  under extrenum  conditions 

and thus the underlying assumptions o f equation III. 11 are not entirely valid, o r that 

there is som e other contribution to the interface undercooling such as the kinetic 

undercooling (Jackson and H unt, 1966) which is not norm ally associated w ith the 

solidification o f  m etallic systems. These possibilities are further discussed in the 

section "Interface M orphology and Therm odynam ic Calculations for fl-Al" (p. 128).
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Figure  54. Predicted and estim ated interfacial undercooling for directionally solidified alloys.



Volum e Fraction o f Second Phase in Eutectic and Eutectic M orphology

W ith few  exceptions, the eutectic morphology fo r all o f the directionally 

solidified alloys was lamellar in structure. Recalling Figure 47, the lam ellar structure 

should be expected since the eutectic was measured to have an average volume 

fraction second phase (0-A1) o f 0 .47 ±  0 .04  for all directionally solidified samples. 

For these sam ples, there was no significant difference between hypo- and hyper­

eutectic A l-Zn alloys, which w ere measured to contain 0.46 ±  0 .03%  and 0.47 ±  

0 .04 (3-A1, respectively. Rods were found in only two instances: (1) when the 

eutectic nucleated on a prim ary dendrite ahead o f  the solid/liquid interface, and (2 ) 

when the eutectic solidification front encountered a preexisting prim ary dendrite, 

causing a breakdow n in the planar solid/liquid interface. Each o f  these are discussed 

in some detail below.

Given the relatively low tem perature gradient in the liquid (G max=  12.2 K/mm) 

for all directionally solidified alloys, it was common to find prim ary phase dendritic 

grow th ahead o f  the eutectic solid/liquid interface regardless o f grow th rate. An 

example of this can be seen in F igure 55, which shows a quenched solid/liquid 

interface for a hypereutectic A l-Zn alloy. In  this m icrograph, prim ary rj dendrites can 

be seen to exist a distance o f approximately 800/im ahead o f  the eutectic interface at 

the tim e o f the quench. O ccasionally, and particularly for hypoeutectic alloys, some 

eutectic was found to nucleate on  dendrites ahead o f  the eutectic interface. As shown 

in Figure 56, subsequent grow th occurs outwardly from  the dendrite to form  abrupt 

interfaces w hen the eutectic front passes through the region. In  F igure 56

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 0 0 pm

f

1 0 0 pm

Figure 55. Quenched solid/liquid interface 
following directional solidification. (A=eutectic 
s/1 interface, B=quenched zone containing r| 
dendrites, C=non-m elted material).

Figure 56. D irectionally solidified Al-rich alloy. 
(A=directionally solidified eutectic, B=(3 dendrite, 
C=eutectic grown from  P dendrite).
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lam ellar eutectic can  be seen oriented to the direction o f  grow th in regions where 

eutectic nucleation on /3-A1 dendrites has not occurred, and random ly-oriented 

lam ellae and rods are found in eutectic regions where nucleation on  the proeutectic 

phase has taken place. This phenom enon was found only for alloys grow n at rates 

>50/xm /s, providing a basis for the following rationale: for alloys grow n at high 

rates ( >50/xm /s), the corresponding interfacial undercooling w ill be increased, thus 

leading to an increased tem perature and tim e lag betw een a volum e elem ent o f  fixed 

position w ithin the m elt zone and the solid/liquid interface. At grow th rates 

> 5 0 ^ m /s , this lag becom es large enough to allow the tem perature o f  a significant 

portion o f eutectic liquid w ithin the melt zone to drop below  the equilibrium  eutectic 

tem perature. Any heterogeneous nucleation sites, such as proeutectic dendrites, can 

therefore nucleate the eutectic solid. In accordance w ith the previously discussed 

findings w here proeutectic /J-Al was found to nucleate eutectic w ith little 

undercooling, only nucleation on (3-A1 dendrites was found for directionally solidified 

alloys. A lthough 17-Z n  dendrites were found to grow ahead o f the eutectic interface 

(Figure 55), nucleation on these dendrites was not observed for any grow th rate.

In  addition to nucleation and growth on a proeutectic dendrite resulting in  a 

rod eutectic m orphology, a breakdown o f the norm ally eutectic lam ellar structure was 

found in regions "behind" proeutectic dendrites due to a resulting change in local 

grow th direction. In other w ords, because a preexisting dendrite disrupts the eutectic 

interface and the solute diffusion process to and from  adjacent lam ellae, the region 

im m ediately behind preexisting dendrites w ith respect to the grow th direction will
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have a rod eutectic structure. This is shown in Figures 57 and 58 for Al- and Zn-rich 

alloys, respectively. As can be seen from  these m icrographs, the regions containing 

the eutectic rod structure are often tapered in shape due to the influence o f stable 

lam ellar cells w hich surround the rod structure regions. The breakdow n o f stable Al- 

Z n  lam ellae into rods was also reported by H unt and Chilton (1963b), who found that 

this transition w ould take place w hen the eutectic interface becam e curved for any 

reason. H unt and Chilton cite the exam ples o f  grow th around a mechanical obstacle 

o r dendrite, and the form ation o f  a curved eutectic interface due to impurity additions 

and resultant cell form ation.

There are several differences betw een the rod eutectic regions form ed due to 

nucleation on  proeutectic dendrites and those form ed due to the disruption o f  the 

solid/liquid interface. The two are easily distinguished by the positioning o f  rod 

eutectic growth: for regions w hich have nucleated on preexisting dendrites, grow th 

will occur in all directions from  the dendrite and there will be an  abrupt, rough 

interface w ith the lam ellar eutectic regions; fo r regions which form  due to the 

disruption o f  the interface, grow th is lim ited to the regions behind the dendrites and 

there is a sm ooth interface with the lam ellar regions. M ore significantly, there is a 

m easurable difference between the volume fraction second phase (/3-A1) betw een the 

tw o rod-type regions. It can be expected that w hen the eutectic nucleates on the /3-Al 

proeutectic dendrites near the equilibrium  eutectic transform ation tem perature as 

discussed in the previous paragraphs, the am ount o f  /3-Al in the eutectic will closely 

correspond to that predicted by the use o f the lever rule and the equilibrium  phase
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50/xm

F ig u re  57. Breakdown o f lam ellar structure due 
to the disruption o f the eutectic interface by a 
proeutectic /3-Al dendrite.

50/xm

F ig u re  58. Breakdown o f lam ellar structure due 
to the disruption o f the eutectic interface by rj-Zn 
proeutectic dendrites.
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diagram  (the reader is referred to the section "Eutectic Growth: Volume F raction o f 

Second Phase in Eutectic”). The volume fraction /3-Al in these rod eutectic regions 

was m easured to be 0.24 ±  0 .04 , which is com pared to a value o f 0 .28 as calculated 

from  the phase diagram. In  contrast, a value o f 0 .34 ±  0.03 m easured fo r the rod 

regions form ed due to the disruption o f the eutectic interface from  proeutectic 

dendrites. This confirms that the breakdown to a  rod structure is due to eutectic 

interface disturbances rather than undercooling considerations, since as show n in 

F igure 47 and confirmed by samples solidified with the use o f the D SC, a lam ellar 

structure is energetically m ore favorable at second phase volume fractions greater than 

0 .28 .

Com parison o f DSC and DS Results: Volum e Fraction of Second Phase in Eutectic 
and Eutectic M orphology

Recalling the m icrostructural observations regarding eutectic m orphology 

found fo r samples solidified in the differential scanning calorim eter, hypoeutectic Al- 

Zn alloys possessed a rod structure regardless o f cooling rate and com position, while 

hypereutectic alloys always contained a lam ellar or a mixed lam ellar and rod 

structure. The m icrostructures o f these samples are analogous to cast structures, 

where the undercooling required for eutectic nucleation on proeutectic phases dictate 

the resultant structure. This is in contrast to directionally solidified samples, where 

the undercooling and resultant structure is prim arily a function o f growth rate and is 

irrespective o f alloy composition. The only exception to this is when eutectic 

nucleation occurs on prim ary phase dendrites growing ahead o f  the interface, which
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only occurs at growth rates >50|jm /second.

R egardless o f  how  the Al-Zn eutectic is solidified, the above results indicate 

interface undercooling to be  the controlling factor in determ ining the  volum e fraction 

second phase in the eutectic and the eutectic morphology. An excellent example o f 

this can be seen by com paring Figure 59 to F igure 57, which show the  as-cast and 

directionally solidified regions o f  the same Al-rich off-eutectic Al-Zn alloy, 

respectively. As a cast structure (Figure 59), th is alloy possesses a  rod eutectic 

structure having a volum e fraction second phase (fJ-Al) o f  0.28 ± 0.02. The same 

alloy, directionally solidified at 15.9pm/second, has a lam ellar structure with a volume 

fraction second phase ((3-Al) o f 0.46 ± 0.03. The eutectic in the cast structure

50pm

m f i f l S m 1#S1® 8I

Figure 59. Cast rod eutectic structure o f  the 
directionally solidified alloy shown in F igure 57.
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nucleated on preexisting (3-Al dendrites with a relatively small undercooling along the 

A1 liquidus, resulting in a eutectic structure having a volum e fraction o f  phases equal 

to that predicted by the equilibrium  phase diagram. W hen directionally solidified, the 

eutectic structure o f this same alloy is altered due to an apparently significant imposed 

undercooling w hich is dictated by growth rate. The large increase in the volum e 

fraction o f  (3-Al in the eutectic, which w as found for all directionally solidified alloys 

(average (3-Al o f  0.47 ± 0.04), suggests that the eutectic po in t is "shifted" to higher 

alum inum  concentrations during directional solidification. The exact effects o f 

solidification conditions on stable m icrostructural grow th is further discussed in the 

section "C oupled Zone and M icrostructure M ap for the Al-Zn Eutectic".

c
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Coupled Zone and Microstructure Map for the Al-Zn Eutectic

The coupled zone for a eutectic system defines the range o f  solidification 

conditions, i.e. com position and undercooling, which will produce a pure eutectic 

structure without prim ary phase growth. Generally, the structure which grow s with 

the highest velocity at a given undercooling, or with the lowest undercooling at a 

given velocity, will be preferred by the system and w ill constitute the resultant 

m icrostructure (Jackson, 1968). As discussed in the Background o f this thesis, a 

coupled zone may be symmetric about the eutectic com position, o r it may be skewed 

to one side o f the eutectic. The zone is normally symmetric about the eutectic 

com position for m ost metallic systems as shown in Figure 15 since m ost metals grow 

anisotropically. In systems where one o f  the eutectic phases grows anisotropically or 

requires a high undercooling for nucleation, a skewed couple zone may exist as shown 

in Figure 16.

The coupled zone for the A l-Zn eutectic has been suggested to be skewed to 

the A l-rich side o f the eutectic (Spittle, 1977). In this reference, it is argued that 

since Zn halos are found surrounding A1 proeutectic dendrites, this is a probable 

indication that A1 is a better nucleant o f Zn than vice-versa and therefore, the coupled 

zone o f growth may be skewed to the A l-rich side o f  the eutectic. These suggestions 

are made, however, in the absence o f any quantitative data.

The results obtained via directional solidification facilitate a determ ination o f 

the A l-Zn m icrostructure map. By noting the sample m icrostructure and estimating 

the undercooling encountered during directional solidification in the m anner described
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in the section "Com parison o f DSC and DS Results: X", the experimentally 

determ ined coupled zone is shown in F igure 60. Unlike other studies which speculate 

on the placem ent o f the coupled zone for the A l-Zn system (Spittle, 1977), F igure 60 

offers a quantitative assessment o f the A l-Zn m icrostructure m ap.

As can be seen in Figure 60, the coupled zone o f grow th is skewed to the Al- 

rich side o f  the eutectic. Such a skewed zone is considered to be unusual fo r metallic 

system s, particularly when both eutectic phases are classified as non-faceted. The 

reason fo r the skewed zone is not immediately evident, but it may be related to  the 

findings discussed in the section "Com parison o f  DSC and DS Results: X", which 

suggest the A l-Zn eutectic to grow under non-extrenum  conditions. I f  this is the case, 

it m ay be that one o f the phases, namely (3-Al, requires a significant kinetic 

undercooling for grow th, thus slowing its grow th rate and perm itting the eutectic to 

outgrow  (3-Al dendrite form ation for a wide range o f interfacial velocities and 

undercoolings. This concept becomes m ore fully apparent w hen considering Figures 

15 and 16, which are reproduced below. F igure 15 teaches that, for a symmetric 

coupled zone, the (S phase in a /3-rich off-eutectic alloy will have the highest growth 

rate fo r a given undercooling, or the lowest undercooling fo r a given growth rate, for 

alm ost all V-AT combinations. Only at very low and high undercoolings w ill the 

system  enter the coupled zone wherein the eutectic structure outgrows the /3 phase. 

F o r a skewed coupled zone as shown in F igure 16, the grow th rate o f (3 is slower, 

resulting in eutectic form ation at lower undercoolings and grow th rates when 

com pared to a symmetric coupled zone.
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p-dendrites]L Tl

H

eutectic

a-dendrites
CA B Log VCo

Figure 15. Coupled zone and corresponding tem perature-velocity diagram  for a 
norm al eutectic system.

P-dendritesi i Tl

a-dendrites

eutectic

Log VC BA Co

Figure 16. Skewed coupled zone and corresponding tem perature-velocity diagram for 
a eutectic system  w here one phase grows anisotropically or m ay require a large 
undercooling for growth.
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As discussed in the Background section "The Eutectic-Dendritic Transition", 

there have been different approaches to the theoretical prediction o f stable 

m icrostructures for eutectic systems. M ollard and Flem ings (1967) qualitatively 

showed good agreement between the predictions o f  the constitutional supercooling 

criterion (CSC) and the experimentally determ ined dendritic-eutectic transition. In 

contrast, H unt and Jackson (1967), and later Jackson (1968) argue that the 

competitive growth criterion dictates the stable m icrostructure, w herein the structure 

w ith the highest growth rate at a given undercooling (or w ith the lowest undercooling 

at a given grow th rate) will be preferred and constitutes the solidified m orphology.

The results obtained in the present study were compared with the predictions o f the 

CSC in order to determine if  the CSC is relevant to the A l-Zn eutectic during 

unidirectional solidification. According to the CSC, a planar eutectic interface is 

expected to  be stable when

G ^ A C p )  (4Q)

V  D

or when growth occurs in the presence o f a high tem perature gradient in the liquid 

and/or at low growth rates. Using values o f  mj3= -8 .0  K /w t% , m ,=  10.2 K /w t% , 

D = 2 .0 4  E-09 m/s2 (Liu and Jones, 1992a), and AC0=  the difference between the 

alloy and eutectic compositions, the CSC was calculated for the A l-Zn system as 

shown by the dashed line in Figure 61. As can be seen in the graph, the CSC 

predicts a stable eutectic microstructure for a very narrow range o f  alloy com positions 

and G/V values, as mixed eutectic +  dendritic m icrostructures are expected outside o f
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the dashed line. Experim entally determ ined G /V  values and corresponding resultant 

m icrostructures are also shown in this graph. As is clearly seen in F igure 61, the 

CSC does not accurately predict the stable m icrostructure for the A l-Zn system. At 

low G/V  values, pure eutectic m icrostructures are formed in off-eutectic A l-rich 

alloys. Since G, the tem perature gradient w ithin the liquid, was sim ilar and low for 

all samples (2 .9-12.2  K /m m ), the samples which did not conform  to the CSC were 

generally grow n at relatively high velocities, and therefore, higher undercoolings. 

This is in agreem ent w ith the m icrostructure map as shown in Figure 60. The 

conclusion o f  these observations m ust be that the A l-Zn m icrostructure is determ ined 

by the com petitive growth criterion as described above, where the structure which 

grows w ith the greatest velocity at a given undercooling is m ost stable and will 

com prise the final m icrostructure. A s the interfacial undercooling increases during 

solidification, the eutectic outgrows /3-Al dendritic form ation and will therefore be 

form ed at hypoeutectic A l-Zn compositions.
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Zinc halos in unidirectionally solidified samples

Zinc halos around (3-Al dendrites w ere found for all directionally-grown 

hypoeutectic Al-Zn samples. The widths o f  these halos w ere found to be dependent 

on sam ple grow th rate and the eutectic structure o f  the surrounding m atrix. As shown 

in F igure 62, the average halo width was found to  be greater when in a rod  eutectic 

m atrix than when in a  matrix o f  lam ellar eutectic. Exam ples o f  halos in both types o f  

eutectic for a directionally solidified hypoeutectic Al-Zn alloy can be seen in Figure 

63. The m echanism  fo r halo form ation in the rod  eutectic regions, w hich form  when 

there is a significant distance between the eutectic interface and (3-Al dendrites 

grow ing ahead o f the interface, is analogous to that fo r the  cast structures solidified in 

the  DSC. As previously discussed, the size o f  halos form ed by this m echanism  is 

lim ited by the growth rate o f the Zn as a halo and the tim e necessary to reach the 

tem perature at which Zn will nucleate Al. It follow s, therefore, that the  halo width 

should b e  inversely proportional to growth rate as shown in Figure 62. The halos 

form ed in lam ellar eutectic regions can be said to have been form ed with little 

undercooling, because eutectic nucleation on these halos did no t occur. The size o f 

these halos are lim ited by the distance between the eutectic interface and the (3-Al 

dendrites because halo growth is interrupted when enveloped by the grow ing eutectic 

interface. Since the size o f the halos in lam ellar eutectic regions was found to 

decrease with an increasing growth rate (Figure 62), it can be hypothesized that the 

distance betw een the eutectic interface and the (3-Al dendritic growth ahead o f  the 

interface generally decreases with an increase in growth rate. This is in agreem ent
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with F igure 60, which suggests that velocity of the eutectic increases relative to the 

velocity o f  (3-Al dendritic growth with an increase in undercooling (or im posed growth 

rate).

Although the size o f  halos in directionally solidified samples is related to the

Figure 63. Directionally solidified Al-rich Al-Zn 
alloy show ing zinc halos around 3 -A l dendrites in 
(A) rod and (B) lam ellar eutectic regions.

coupled zone o f growth as described above, the results o f this study indicate that the 

mechanism  for halo form ation is unrelated to the coupled zone. As previously 

described, Zn halos around proeutectic A1 form as a result o f  Zn being a poor nucleant 

o f Al. Since proeutectic A1 will readily nucleate Zn, bu t Zn requires a significant 

undercooling to nucleate Al, Zn halos will grow about Al proeutectic dendrites until 

the liquid becom es significantly undercooled, thus forcing Al nucleation. This theory
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is in contrast to the current literature on halo form ation (Gigliotti et al., 1970) (Barclay 

et al., 1973) (Y ilm az and Elliott, 1984) (Suk et al., 1992), which relates halo formation 

to the com petitive growth between phases and the coupled zone o f  growth.
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Banding

Directionally solidified alloys containing 94-96wt%  Zn grown at <50pm /second 

w ere found to have m acroscopic bands oriented norm al to the growth direction (Figure 

64). Banding in directionally solidified Al-Zn alloys has no t previously been reported 

in the literature. As shown in Figure 64, these bands are continuous across different 

eutectic grains, indicating that the  banding m echanism  is associated w ith the 

solid/liquid interface. As pointed out elsewhere for banding in A1-CuA12 alloys (Kraft 

and A lbright, 1961), bands delineate isotherm s at different tim es during directional 

solidification. W hen observed at 

higher m agnifications, these 

banded regions can be  seen to be 

precipitation zones for either o f 

the tw o eutectic phases. The 

precipitation o f  3-Al and q-Zn 

phases can be  seen in Figures 65 

and 6 6 , respectively. A more 

striking exam ple o f  q-Zn can be 

seen in Figures 67 and 6 8 , which 

show low  and high magnification 

m icrographs o f band form ation at 

a quenched solid/liquid interface, respectively.
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Figure 64, Banding in directionally solidified Al- 
Zn alloy.
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Figure 65. (3-Al banding in directionally solidified 
Al-Zn alloy.

lOOpm

Figure 6 6 . rj-Zn banding in directionally 
solidified Al-Zn alloy.
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2 0 0 pm

Figure 67. r\-Zn banding in matrix (A ) and at 
quenched solid/liquid interface (B) fo r a 
directionally solidified Al-Zn alloy.

50 pm

Figure 6 8 . H igher magnification view o f the 
quenched solid/liquid interface shown in Figure 
67.
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There are two explanations for the banding found for the present set of 

experim ents. The first, as proposed by Kraft and A lbright (1961) for banding in Al- 

CuA12 alloys, is that at low enough grow th rates, the solute distribution in the m elt is 

sufficiently uniform  to result in the lateral solidification o f the solute when its 

solubility level is reached. So during eutectic growth, when one o f  the solute or 

eutectic phases accum ulates at the solid/liquid interface to a concentration which 

cannot be absorbed by the growing eutectic o r sustained as a boundary layer by the 

advancing interface, a precipitation o f  that phase will occur as a band. A t higher 

growth rates, the solute is absorbed by the growing eutectic, possibly resulting in a 

breakdown o f the p lanar interface into cells. Two separate studies on the directional 

solidification o f  the A l-C uA h have observed banding at only low grow th rates (Jordan 

and H unt, 1971) (K raft and Albright, 1961), giving credence to this explanation. The 

second possible explanation for banding is that there were slight changes in grow th 

rates, jogs, or pow er variations during directional solidification in this and other 

studies which reported banding. A t least one o f  the cited references (Kraft and 

Albright, 1961) recognize that this may have been a factor, but claim  this to be 

unlikely since banding was encountered for two separate groups o f  experim ents using 

d ifferent solidification techniques. In the present w ork, the grow th rate o f the zone 

refiner has been carefully calibrated, yielding the near-perfect linear relationship 

shown in F igure 69 betw een velocity setting and the m easured growth rate. Any 

changes in grow th rate during experim entation were therefore im probable. In 

addition, the bands were not regularly spaced from  each o ther and thus, an
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irregularity in the zone refiningapparatus drive mechanism also seems unlikely 

because this would produce a regularly-repeating jog in the growth rate and 

corresponding band spacing.

In  light of the above discussion, it is theorized that banding in directionally 

solidified A l-Zn alloys is the result o f  solute accumulation ahead o f  the solid/liquid 

interface and subsequent precipitation. However, there are still some remaining 

aspects o f  the banding m echanisms which rem ain unclear. For exam ple, it is not 

know n why some bands form by the adjustment of the eutectic interlam ellar spacing 

and the volume fraction o f the phases as shown in Figure 6 6 , w hile other bands form 

by phase precipitation ahead o f the solid/liquid interface as shown in Figures 65, 67 

and 6 8 . The tem perature gradient in the m elt (G) may play a role in  banding 

m icrostructural developm ent because a high G  would prevent phase grow th ahead of 

the interface, but a m ore detailed study with a wider range o f G values is necessary to 

determ ine the effects o f G on banding m ore conclusively.
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Interface Morphology and Thermodynamic Calculations for /J-Al

The heat and entropy o f  fusion for /3-A1 is o f  particular interest in studying the 

A l-Z n eutectic reaction. Because there is some question about whether the system 

grow s at the extrenum  condition o r if there is a significant kinetic undercooling 

contribution to the total interfacial undercooling, the interpretation o f  therm odynam ic 

data can be useful for m aking such determ inations. Results presented in this thesis 

w hich suggest non-extrenum  grow th for the A l-Zn system, or a large kinetic 

undercooling associated w ith /S-Al growth include the following:

1 . interfacial undercooling estimations during directional solidification 

exceeding theoretical predictions,

2. a decreasing distance between the eutectic interface and B-Al dendritic 

grow th ahead o f the interface w ith an  increasing grow th rate during 

directional solidification,

3. a  skewed coupled zone o f growth to the fi-Al side o f the A l-Zn 

eutectic, and

4. a  sometimes apparently faceted B-Al interface (see F igure 37, p . 71).

Perhaps the m ost often used indicator of interfacial growth mechanism and associated
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undercooling is Jackson’s a-fac to r, which can be used to predict interfacial roughness 

(Jackson, 1958). Based on a statistical analysis assuming equilibrium  betw een a solid 

interface and a m elt o f  identical composition and that the interfacial roughness would 

be dictated by free energy considerations, Jackson derived the interfacial energy o f  a 

solid/liquid interface to depend on the interface m orphology as follows:

A G . N -N . n  N . N -N ,
 = aNA -------± -  In — - ---------- ± In  ± ,
NkTE A n 2 N -N a N  Na

where AGS is the interfacial free energy, a  is a dim ensionless entropy factor =  A Sf/R ,

N is the num ber o f  sites a solid atom can attach itself to the solidifying interface and

N a is the num ber o f atom s existing on a plane o f  the grow ing interface. In  other

words, if  N a/N  =  0 .5 , ha lf o f  the available sites on the grow ing interface w ill be

occupied and the interface is said to be com pletely "rough". I f  NA/N  =  0  or 1, none

or all o f  the available sites on  a growing plane w ill be occupied, and the interface is

said to be atom ically flat o r faceted. The dependence o f the free energy o f  a

solidifying system on  a  can be seen in Figure 62, which "dots free energy as a

function o f  N A/N  for various a  values. It can be seen from  the graph that for

m aterials w ith h igh entropies o f  fusion (ASf) and therefore h igh a ’s ( > 2 ) ,  the free

energy o f  the system will be minimized w ith a faceted solid/liquid interface. Such

grow th occurs slowly and requires a significant kinetic undercooling for interfacial

m ovem ent. For m ost m etallic systems, how ever, a ~  1-1.5, and grow th usually

occurs w ith a rough or non-faceted interface.

The therm odynam ic data for pure zinc and alum inum  are well know n (Liu and

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Jones, 1992a) and suggest the A l-Zn eutectic phases to grow  w ith non-faceted 

interfaces. H ow ever, the aluminum phase in the A l-Zn eutectic reaction L  -* rj(Zn)

+  |3(A1) actually contains m ore zinc than aluminum (67.0at% , 83.1wt%  Zn), and the 

therm odynam ic properties o f this phase at such com positions have not been 

characterized. In addition, this phase sometimes gives the appearance o f being 

faceted, as show n in F igure 37, thus suggesting a high entropy o f  fusion and a -fac to r. 

T he heat and entropy o f  fusion fo r this phase was determ ined from  data obtained from  

the DSC solidification experim ents cooled at 1 K /m in. The m ethod o f calculation is 

as follows:

^  k  (area under the proeutectic ft peak)
(mass fraction proeutectic p )(total sample weight) 

where k  is a constant for the DSC cell (0.75 in this case), and

Pbmass fraction proeutectic p = (yol fraction p )(-----  — ) .
P eutectic

The density o f  the /3-A1 phase and the eutectic can be calculated as:

p = — = 4(0.33(26.98^0.67(65.38)) = 5 35 3
P V  (6.02E  23) (4.030£-8)3

Peutedcoo* = 0 26(P3) + °-74(P„) = 0.26(5.35) + 0.74(7.13) = 6.67 g/cm- 

The heat o f  transform ation is therefore

0.75 A
A  H

(yol fraction p) (5.35/6.67) (total sample mass)

Using the data collected for eight (8 ) hypoeutectic A l-Zn alloys, the influence o f the
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high zinc content in /3-A1 was found to be almost negligible. The heat o f fusion (AHf) 

and the entropy of fusion at the solidification temperature (ASf) were calculated to be 

7 .53 ±  2 .34 kJ/m ol and 10.9 ±  3.49 J/m o l-K , respectively, com pared to 9 .49 

kJ/m ol

and 10.2 J /m o l-K  reported in the literature. The resulting a -fac to r fo r (3-A1 is 

calculated to be ASf/R  =  1.31 +  0 .42 , which closely corresponds to the 1.36 value 

cited by Jackson in the original work on alpha (Jackson, 1958).

Based on  the analysis, it seems improbable that a significant kinetic 

undercooling is necessary for /3-A1 growth. According to the well-accepted theory o f 

Jackson (1958), solidification o f this phase should proceed w ith an atomically rough, 

non-faceted interface, as has been found for pure aluminum.
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SUM M ARY & CONCLUSIONS

The nucleation and grow th o f eutectic and off-eutectic A l-Zn alloys was exam ined 

w ith the use o f differential scanning calorim etry and directional solidification 

experim ental techniques. Through the quantitative m etallographic exam ination o f 

solidified m icrostructures and the analytical treatm ent o f the experim ental data, the 

follow ing conclusions can be made:

1) N on-reciprocal nucleation characteristics w ere found for the A l-Z n system. F o r 

alloys w ith zinc concentrations less than 95wt%  where alum inum  is the proeutectic 

phase, an  average undercooling o f 0 .25°C  below  the eutectic tem perature is required 

for zinc nucleation and subsequent eutectic form ation at a cooling rate o f  1 K /m in. In 

com parison, an  average undercooling o f 4 .0 °C  is necessary fo r alum inum  nucleation 

on proeutectic zinc in alloys containing > 95w t%  zinc at the same cooling rate. 

A lum inum  is therefore said to  be a better nucleant o f zinc than vice-versa. This is in 

contrast to previous discussions on non-reciprocal nucleation characteristics, which 

predict elem ents w ith higher solid/liquid interfacial energies to be better nucleants 

than vice versa. Thus other factors, such as crystal structure, may play a role in non­

reciprocal nucleation.

2) The non-reciprocal nucleation characteristics o f the A l-Zn system result in the 

form ation o f zinc halos around proeutectic alum inum  in A l-rich off-eutectic alloys.
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Once zinc is nucleated by proeutectic aluminum, it requires a significant undercooling 

before nucleating alum inum  for eutectic growth. The result is a zinc halo around 

proeutectic alum inum , the size o f w hich is lim ited by the grow th rate o f  zinc and the 

tim e necessary to reach the tem perature a t which zinc w ill nucleate alum inum . In  

contrast to published literature on halo form ation, the present study indicates that the 

coupled zone for the A l-Zn system indirectly affects halo size but does not influence 

the m echanism  fo r halo formation.

3) The non-reciprocal nucleation characteristics of the A l-Zn system result in  a 

significant difference in the eutectic interlam ellar spacing (X) w hen com paring hypo- 

and hypereutectic alloys having a cast structure. Since a negligible undercooling is 

required for hypoeutectic alloys, w here proeutectic alum inum  m ust nucleate zinc for 

eutectic grow th to occur, X is greater for these alloys than for hypereutectic alloys.

A t low cooling rates, this difference can be as m uch as 7-fold. The m easured X 

values fo r all alloy compositions used were in agreem ent with theoretical predictions 

o f X based on m easured undercoolings.

4) The non-reciprocal nucleation characteristics for the A l-Zn system result in a 

difference in the volum e fraction o f second phase in the eutectic and in the eutectic 

m orphology when com paring hypo- and hypereutectic alloys having a cast structure. 

Because o f  the significant undercooling required for eutectic nucleation o f Zn-rich off- 

eutectic alloys, the volum e fraction o f  each phase in the eutectic structure cannot be
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predicted from  the equilibrium  phase diagram. F or example, the volume fraction o f 

second phase (/3-A1) in these alloys was m easured to be an average o f 0 .40, which is 

considerably greater than the equilibrium  value o f  0.28. In contrast the volume 

fraction o f /3-A1 in A l-rich off-eutectic alloys was measured to be an average o f  0 .26, 

w hich can  be expected due to the minimal undercooling for eutectic nucleation 

associated w ith these alloys. In agreement w ith surface energy considerations, the 

eutectic structure for A l-rich alloys was therefore found to consist o f rods, or rods 

and lam ellae, w hereas the eutectic structure o f Zn-rich alloys was found to consist 

only o f lam ellae.

5) In  agreem ent w ith theory, the interlamellar spacing for unidirectionally solidified 

A l-Z n alloys was found to be proportional to V 1/2. Unlike alloys having a cast 

structure, the m easured X values for directionally solidified alloys were found to be 

independent o f  alloy com position. This difference arises since, for cast alloys, the 

undercooling associated w ith eutectic growth is controlled by com position and the 

ability o f  proeutectic phases to nucleate the eutectic, whereas for directionally 

solidified alloys, the undercooling associated w ith eutectic growth is only a function 

o f  grow th rate.

6 ) In  contrast to alloys having a cast structure, directionally solidified A l-Zn alloys 

w ere found to grow  w ith a lam ellar eutectic structure. Rod eutectic structures were 

found in these samples only when ( 1) the eutectic nucleated on a prim ary dendrite
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ahead o f the solid/liquid interface during grow th, and/or (2 ) the eutectic solidification 

front encountered a preexisting prim ary dendrite, causing a breakdow n in the planar 

solid/liquid interface. The form er mechanism was found to occur only at grow th 

rates >50/xm /second due to a relatively high interfacial undercooling, which leads to 

an  increased tem perature and tim e lag between the interface and a volum e elem ent 

w ithin the m elt zone. This can allow a significant portion of the liquid w ithin the 

m elt zone to drop below the equilibrium  eutectic tem perature, and eutectic nucleation 

can therefore occur on heterogeneous nucleation sites. The volume fraction o f second 

phase in the rod regions was found to depend on the mechanism by w hich the rods 

form ed. By the form er process, the volume fraction o f y3-Al in the eutectic was 

determ ined to be an average o f  0 .28 whereas for the latter m echanism , this value was

0 .46 .

7) The coupled zone for the A l-Zn system was found to be skewed to the A l-rich 

side o f the eutectic. It was found that the constitutional supercooling criterion did not 

accurately predict the eutectic-dendritic transition for this system. Instead, it is 

hypothesized that the competitive growth criterion controls the form ation o f the stable 

m icrostructure. Therefore, it is suggested that the eutectic structure outgrows j3-Al 

dendrite form ation at undercoolings >  3°C  below the eutectic tem perature w hen in 

the presence o f low tem perature gradients in  the melt (2.9-12.2 K /m m ).
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8 ) Banding was found fo r directionally solidified alloys having a com position o f 

94wt%  - 96wt% zinc when grow n at rates <50/xm /second. A close exam ination of 

the bands indicates these regions to be precipitation zones for either o f  the two 

eutectic phases. Banding is thought to occur when, during eutectic grow th, one o f the 

eutectic phases accum ulates at the solid/liquid interface to a concentration w hich 

cannot be absorbed by the grow ing eutectic or sustained as a boundary layer by the 

advancing interface. This "solute adjustment" can m anifest itself as a change in the 

eutectic interlam ellar spacing, a change in the volume fraction o f  the eutectic phases, 

and/or the phase precipitation ahead o f  the solid/liquid interface.

9) The interfacial undercoolings during directional solidification, as estim ated from  

m easured values o f  X, were found to be higher than those predicted from  theory.

This, along with the finding o f a skewed coupled zone o f  grow th, suggests that either 

the A l-Zn eutectic does not from  under extrenum conditions or that there is some 

other contribution to the interface undercooling. The skewed coupled zone, in 

particular, suggests that there may be a significant kinetic undercooling associated 

w ith (3-A1 growth. H ow ever, therm odynam ic data for (3-A1 obtained via differential 

scanning calorim etry yields an entropy o f  fusion o f 10.9 J/m ol*K , and therefore, an 

a -fac to r o f 1.31. These data are in agreem ent to published values fo r alum inum , 

which, in accordance with Jackson’s theory on faceting, predict anisotropic grow th 

and a negligible kinetic undercooling.
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Suggestions for Future Work

A lthough the research presented here provides m uch insight into the 

solidification processes in Zn-5%A1 as an alloy and a coating, further w ork should be 

conducted to determ ine the exact effects o f  alloy nucleation and grow th on coating 

structure and properties. There are many difficulties which arise when trying to 

em ulate a com m ercial process in the laboratory, and it is im portant to recognize the 

d ifficulties and errors which may arise w hen extrapolating experim ental results. F or 

exam ple, w hen characterizing the nucleation characteristics for the A l-Zn system, 

cooling rates o f  up  to 80 K /m in were used in the laboratory. This is in contrast to 

G alfan coatings, the cooling rate for which is considered to be on  the order o f several 

hundred degrees per minute. In  addition, the samples used during cooling 

experim ents were placed on glass slides to avoid interactions w ith a reactive substrate, 

w hen clearly this is not the case for galvanized coatings as a whole. To truly apply 

the results o f  this study to zinc coatings, an  additional study should be conducted on a 

p ilot galvanizing line to determine the effects o f  controlled param eters such as cooling 

rate, im purity content, etc .. on coating characteristics. One interesting aspect o f such 

a w ork w ould be to  consider the role o f intentionally-added nucleating agents, such as 

zinc pow der, on coating structure. A lthough many Galfan producers use this process 

in line (so-called Heurtey process), not m uch is know n about its effects on coating 

structure and surface characteristics.

It was hoped that computer m odelling o f the hot-dipping process could be
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incorporated into this work, but the com plexity o f this problem  made it impossible. 

T hrough finite elem ent analysis techniques, the heat flow characteristics o f  the steel 

sheet entering and leaving the zinc pot can be determ ined as a function o f  various 

processing conditions. The effects o f variables such as sheet preheat tem perature, 

bath  tem perature, wipe pressure, line speed, and bath residence tim e, on strip thermal 

history, and therefore coating m icrostructure, can be predicted by this method.

The role o f  Pb on A l-Zn solidification should be examined. There has 

recently been a great deal o f discussion within the galvanizing com m unity concerning 

the influence o f lead on coating nucleation, grow th, and final m icrostructure.

Theories which have sometimes been conflicting have been proposed on these 

subjects, often w ithout experim ental verification. A thorough study on the effects of 

lead content on zinc solidification w ould help resolve some questions still outstanding 

on  the ro le o f  lead during galvanizing.

Finally, a reassesment o f  the A l-Zn phase diagram may be a worthwhile 

endeavor. D uring the course o f  this study, an alloy containing 83wt% Z n  was was 

found to contain interdendritic eutectic even though the solubility o f  Zn in A1 solid 

solution is indicated to be 83.1w t%  in  the m ost widely accepted version o f  the phase 

diagram . Also, the A l-rich alloys used in this study were consistently found to have 

m ore proeutectic phase than the am ount predicted by the current phase diagram . This 

is unexpected since these alloys d id  not undercool below the equilibrium  eutectic 

tem perature in order to nucleate the eutectic. Considering that the placem ent o f  the 

A1 liquidus and solvus lines w ere last exam ined in 1949 and 1951, respectively, and
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that some researchers still question the presence o f a peritectic reaction in this system, 

a thorough evaluation o f the phase diagram using m odem  techniques may be 

inform ative and applicable to  the engineering o f Zn-based hot-dip coatings.
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